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Introduction

1 Introduction

1.1 Apoptosis as cell fate and cellular stress resp ~ onse

Programmed cell death is a process that is indispensable footimal development
of multicellular organisms and is of vital importance throughouir tiife. During
embryonic development, elimination of surplus cells is required for the propenghapi
of organs and body parts and the creation of complex multiceliskres. In the
developing vertebrate nervous system, for instance, most typesi@ns are initially
produced in excess. Surplus neurons will eventually be eliminéisxrd@aching their
target tissue, based on competition for survival factors that le@sesl by the target
cells in limited amounts. This allows the number of neurons to betlgxaatched to
the number of target cells. Similar mechanisms are thoughtdmtepboth during
development and adulthood of metazoans to balance the numbers of difidrent c
types in other complex tissues and organs, such as the blood and the lymphoid system.
In the adult organism, tissue maintenance requires the constatempint of
aged or damaged cells. This is achieved by the continuous prolifechtgteam cell
populations, from which different cell types are generated, and ¢uegimed death
of terminal differentiated cells. The normal lifespan of aedéhtiated cell depends on
its function in the organism and ranges from several days (fonasstan the case of
epithelia cells that form the lining of the small intestin@)ntany years (sensory
receptor cells or neurons in the central nervous system, &nmg, have to last a
lifetime). In contrast, cells with proliferative potential need lbe eradicated
immediately in case of damage to their genome, in order to préwemassage of
faulty genetic information to their progeny. In addition, programeebdeath is of
particular importance in the immune system, for instance, teptdhe spreading of
pathogens and to eliminate T-cells that are directed against endogenous proteins.
Apoptosis - after the Greek word for “falling off” - is theepailing form of
programmed cell death and is characterized by the tracel@swal of the apoptotic
cell in the absence of an inflammatory response. Apoptosis ieddfly stereotypical
morphological changes including chromatin condensation, plasma membrane
blebbing and cell shrinkagdollowed by fragmentation into membrane-enclosed
vesicles (Kerret al. 1972). These visible transformations are the effects of

biochemical changes including the fragmentation of chromosomal BN the
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cleavage of a defined set of cellular proteins that includesormsiructural
components of the cell (Earnshaval. 1999). Concurrent alterations on the cell
surface, such as the exposure of specific phospholipids, mark theraeltdgnition
by phagocytic cells. Together, these processes prepare theotapogll for
engulfment and the efficient recycling of biochemical resourths. apoptotic core
machinery responsible for these intricate processes is conserved inaaibamst
Apoptosis can be induced by different kinds of stimuli, of which two frahc
classes can be distinguished: 1) signals from the cells environsuetit as lack of
growth factors or survival signals, loss of matrix or celteéll contact, and death
signals through cytokines, and 2) various intracellular stress Isigo@ated for
example by the lack of nutrients, damage to the genome or dineatn of
oncogenes. In the adult organism proliferation and cell death are hobalanced to
maintain equal cell numbers and tissue homeostasis. Defects in &popgpsation
can therefore lead to the development of cancer, autoimmune disandeesute or

chronic degenerative diseases.

1.2 Central mediators of the apoptotic program

On the molecular level, apoptosis is characterized by the aotivaf the caspase
family of cysteine proteases, in which a cysteine residue seasethe catalytic
nucleophile. The name caspases refers to the cleavage of thdnatesbafter a
specific aspartate residue (Alnerarial. 1996). Caspases reside in the cell as inactive
precursors, referred to as pro-caspases, that are activatguateolytic cascade upon
an apoptotic stimulus. They posses a large and a small subunitigueog an N-
terminal pro-domain. Structural and biochemical evidence indicates atttate
caspases are dimers of identical catalytic units each corgaian active site
(Boatright and Salvesen 2003).

According to their position in the apoptotic cascade mammaligrasas are
classified as initiator or executioner caspases, also réféor@s effector caspases
(Thornberry and Lazebnik 1998). Initiator caspases are activatedchyitment to
protein scaffolding complexes through proximity-induced dimerizatiaraiigyht and
Salvesen 2003). They are characterized by long pro-domains conthommaphilic
protein interaction motifs: caspase recruitment domains (CARDsleath effector
domains (DEDs). Via these motifs they can be recruited to aasptisating

scaffolding complexes at the plasma membrane and in the cytopkaddED or
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CARD-containing adaptor molecules (Thornberry and Lazebnik 1998). Once
activated, initiator caspases cleave and thereby activate thestleam effector
caspases. Effector caspases have small or no pro-domains, |latethetion motifs
typical for initiator caspases and can instead be activayedieavage through an
upstream caspase, which separates their large and small salbdniésnoves the pro-
domain (Earnshavet al. 1999). In addition to upstream caspases, activated effector
caspases can perform this cleavage, thereby allowing fuathetification of the
apoptotic signal. Crystallographic studies revealed that one kEmgeone small
subunit associate to form the active site of the enzyme (Shi 2002).

Among the numerous substrates of effector caspases are tstalsgeoteins,
nuclear structural proteins, components of the DNA repair machipetein kinases
and other signaling molecules (Earnshetval. 1999). Proteolysis of these proteins
eventually leads to chromatin degradation into nucleosomes, orgdesitaction and
other transformations that prepare the apoptotic cell for phagpsyand allow the
efficient recycling of its components (Salvesen and Dixit 1997; laudjo et al.
1999). Thus, the concerted action of effector caspases ultimately leadke
disassembly of the cell. Based on the different initiation of #spase cascade, two
alternative apoptotic pathways are distinguished: the intrinsic egegtathway and

the extrinsic, or death receptor apoptosis pathway (Figure 1 and 2).

1.3 The intrinsic apoptosis pathway

The intrinsic or mitochondrial apoptosis pathway is activated iporese to various
cellular stress factors, such as damage to the genome or o#paratrle internal
damage, and certain developmental cues, such as lack of growtinvoral factors
(Figure 1). These signals activate pro-apoptotic members &Ghe2 family, which

are termed BH3-only proteins, due to their possession of only oneotyB€L-2
homology (BH) domains. Members include BAD, BID, BIM (BCL-2-inténag
mediator of cell death), NOXA and PUMA (Huang and Strasser 200@k€Tproteins
selectively respond to specific death signals: NOXA and PUMA example, are
induced by p53 activity in response to DNA damage (@da. 2000; Nakano and
Vousden 2001); BAD is activated through dephosphorylation in response to a lack of
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Figure 1. The intrinsic apoptosis pathway

Various cellular stresses and developmental dea#s é¢nduce the release of cytochrome ¢ from
mitochondria via the activation of pro-apoptoticmieers of the BCL2-family. Different pro-apoptotic
BH3-only proteins €.9. BAD, BIM, BID, PUMA) bind A) to anti-apoptotic BCL2-family members
(BCL-2, BCL-XL) and prevent them from interactingtivBAX or BAK, which allows BAX/BAK to
oligomerize and promote cytochrome c release froenmitochondria, and bind B) to BAX/BAK to
promote their oligomerization. Cytosolic cytochromgiggers apoptosome formation and activation of
caspase-9, which in turn activates effector cagpaSaspase activation is inhibited by IAP proteins,
which are counteracted by pro-apoptotic proteinst tlare released from the mitochondria
(SMAC/DIABLO, OMI/HTRAZ2). Additional proteins (ENDG5, AIF) released from the mitochondria
promote caspase-independent cell death pathways.



Introduction

growth factors or survival signals (Zteh al. 1996). BH3-only proteinsinitiate the
mitochondrial apoptosis pathway by promoting cytochrome c release the
mitochondria via other pro-apoptotic BCL2-family members, BAX or BfdSkeset

al. 2000). Normally, BAX is located in the cytosol or is loosely chttal to
membranes; while BAK is bound to the mitochondria resident voltage-degenden
anion channel protein 2 (VDAC2) (Danial and Korsmeyer 2004). In response t
apoptotic stimuli, BAX and BAK can oligomerize and insert into thchondrial
membrane (Danial and Korsmeyer 2004). Different BH-3 proteinseaponsible for
binding anti-apoptotic BCL-2-like proteins, such as BCL-Xhereby releasing
BAX/BAK from inhibition, and for binding and activating BAX/BAK to prate
their oligomerization (Huang and Strasser 2000; Kuwenal. 2005). BH3-only
protein-induced oligomerization of BAX or BAK causes the conceateti complete
release of cytochrome c and other apoptosis-promoting proteins frorenttre
mitochondria of the cell (Desaghetral. 1999; Goldsteiret al. 2000; Weiet al. 2001).
Cytosolic cytochrome c binds Apaf-1 (apoptotic protease activd#ior 1); this
induces Apaf-1 oligomerization and formation of a caspase 9-antivatiotein
complex known as the apoptosome.

The apoptosome is a wheel-like structure consisting of seven JApaf-
molecules in complex with cytochrome c¢ (Acehanal. 2002). Pro-caspase-9 is
recruited to this complex via the Apaf-1 CARD domain, which becampssed on
the apoptosome during its assembly (Srinivassilaal. 1998; Zouet al. 1999)
Apoptosome-bound active caspase-9 cleaves and thereby activatéedta pro-
caspases-3 and -7 (Rodriguez and Lazebnik 1999). Thus, the activation adheec
cascade through the intrinsic apoptosis pathway is initiatedmitpchondria
permeabilization, which induces the cytochrome c-dependent formatiom of
scaffolding complex for initiator caspase activation. The sicpmite of this pathway
for the response to intrinsic apoptosis stimuli is illustrated by the faatehs lacking
cytochrome c, Apaf-1 or caspase-9 are to a great extestargsio stress-induced
apoptosis (Green and Reed 1998).

Recent work suggests that caspase-2 can function as initiator factbref
caspase in the apoptotic response to selected intrinsic stinullicing DNA damage
and growth factor deprivation (Troy and Shelanski 2003). In contrasadpase-9,
pro-caspase-2 was proposed to be activated upstream of the mitochiop@&sRD-

dependent recruitment to a protein complex containing the adaptorngrétddD
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(p53-induced protein with DD) and RAIDD (RIP1-associated apoptosis enduith
DD) (Tinel and Tschopp 2004) and seemed to be required for BAX-mediated
cytochrome c release in response to DNA damage (Lasslis2002). However, the
absence of stress-induced caspase-2 activation in Bax/Bak doulcierdefells casts
doubt on this notion (Ruiz-Vekt al. 2005). A direct role in promoting DNA damage-
induced mitochondrial cytochrome c release has also been reportegtdplasmic
p53, which was shown to induce BAX oligomerization (Chipikal. 2004) and
histone H1.2, which induced cytochrome c release via BAK oligontenzan cells
treated with ionizing radiation (Konishat al. 2003). Translocation of apoptosis-
promoting proteins such as capasase-2, p53 or histone H1.2 to the mitach®rrdri
conceivable mechanism through which a death signal generated in thesrmarhebe
relayed to the apoptotic machinery in the cytoplasm.

Some apoptotic stimuli including DNA damage and oxidative stress apparently
require the activation of BAX or BAK at the endoplasmatic reticyl where they
mediate CH release to promote cell death (Scorrah@l. 2003). In summary, the
intrinsic apoptosis pathway is initiated by BH3-only proteins and ingolthe
BAX/BAK-dependent release of apoptosis promoting factors frogar@lles, most
prominently the release of cytochrome c from the mitochondria.

1.4 Death receptor-induced apoptosis

Death receptor-induced apoptosis, also known as the extrinsic apoptbsiaypat
an important mechanism for the elimination of surplus cells durinvglolement.
Receptor-mediated cell death is especially prominent in theume system, where it
mediates the negative selection of self-reactive T-cells antincies to have a vital
role in the adult organism, for example, in the killing of virus-itddacells or cancer
cells and the elimination of T cells at the end of an immunmree (Osbornet al.
1996; Nagata 1997). The extrinsic apoptosis pathway is initiataddijoh of a death
receptor on the plasma membrane (Ashkenazi and Dixit 1998) (Figuri@eajh
receptors belong to the tumor necrosis factor (TNF) receptorfanoply of trans-
membrane proteins, whose defining feature is the possession of ehstiact
cysteine-rich extracellular domains (Sméthal. 1994); the death receptors contain an
additional intracellular protein interaction motif termed death dor(@aD). The death
receptor subfamily includes Fas (also known as APO-1 or CD95), INFRF
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receptor 1) and TRAIL (TNF—related apoptosis inducing ligandgptr 1 and 2
(Ashkenazi and Dixit 1998).

Ligand binding induces either trimerization of receptor monomers or
conformational changes in pre-formed receptor trimers, which dsnvbeir
intracellular domains into a signaling platform that recradaptor proteins to form a
death-inducing signaling complex (DISC) (Kischletl al. 1995). Death domain-
containing adaptor proteins, such as FADD (Fas-associated deatmgoptain) and
TRADD (TNFR-associated death domain protein), bind to the cytoptesreaeptor
tail via homophilic interaction with the receptor death domains. & pesteins in turn
recruit signaling molecules and the initiator pro-caspase-8 i@ntumans, pro-
caspase 10) via DED protein binding motifs to a caspase-activating complden(ldle
et al. 1997). Dependent on receptor type, caspase activation occurs datethly
membrane-associated DISC (for example in the well-studiedgtgxaling pathway),
or, alternatively, by association with a second TRADD-based Isigneomplex that
is assembled in the cytosol after dissociation from the receggstdras been shown for
the TNFR1 signaling pathway (Harpstral. 2003; Micheau and Tschopp 2003). Once
activated, caspase-8 and caspase-10 in turn activate effectocagpases 3 and 7,
thereby initiating apoptosis.

Depending on the context, however, direct effector caspase amtiViayi
caspase-8 varies in efficiency and is in certain cell typesulféitient for apoptosis
execution (Scaffidet al. 1998). In these cells, sometimes referred to as type 1| cells
cleavage of the BCL2 family protein BID by death receptovatdéd caspase-8 is
required for apoptosis. Upon cleavage, truncated BID translocatesrtotttobondria
to induce cytochrome c release via BAX/BAK oligomerizationeflal. 1998; Luoet
al. 1998; Desagheet al. 1999; Weiet al. 2001). In this way, the death receptor-
initiated apoptosis response can be executed via the intrinsic apqutsivay. Thus,
the extrinsic apoptosis pathway can initiate the caspase casotdalirectly, via
death receptor-induced formation of caspase-8 activating scaffadimglexes, and
via caspase-8 mediated cleavage of BID, which activatawitbehondria pathway of

caspase activation.
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Figure 2. The extrinsic (death receptor) apoptpathway

Binding of death ligands to their cognate recepleasls to the formation of a death inducing sigmali
complex (DISC) at their intracellular domains, whicontain docking sites for death domain (DD)
containing adaptor proteins, such as FADD. Pro-ase8 is recruited by FADD via interaction of their
death effector domains (DEDs). Caspase-8 is aetivéily proximity-induced dimerization and can
activate effector caspases directly through cleavaigd via the mitochondrial pathway through the
cleavage of BID. Caspase-8 activation at the DIS@gulated by FLIP, which can form hetero-dimers
with caspase-8 or occupy caspase-8 hinding sitdsedDISC; effector caspase activity is inhibited b
IAPs. Ligand binding to decoy receptors can preuéet activation of death receptors on the cell
surface.
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1.5 Regulation of apoptosis pathways

The process of apoptosis is subject to intricate regulation in manifold waysalBgne
apoptosis is counteracted by the parallel activation of survivhivags. Thus, the
decision between survival and apoptosis generally results from thgratbn of
multiple signals received by the cell. One important wayegtilating the initiation of
apoptosis is transcriptional and post-translational control of pro- atm@poptotic
proteins. A critical control point in the intrinsic cell death patiwn mammals is the
activity of pro-apoptotic and anti-apoptotic members of the BClrdtep family
(Danial and Korsmeyer 2004).

The pro-apoptotic members are grouped into multi-domain pro-apoptotic
proteins, which possess three out of four conserved, function-definiransegrmed
BCL-2 homology (BH) domains, and BH3-only proteins, which possess only the
amphipathiax helix of the BH3 domain (Adams and Cory 2001; Martinou and Green
2001). Multi-domain pro-apoptotic proteins, including BAX and BAK, mediate
cytochrome c release from the mitochondria as homo-oligomét3;gBoteins, such
as BID, BAD and PUMA, initiate the intrinsic apoptosis pathway dsgmoting
BAX/BAK activation (Huang and Strasser 2000). The activity of3Bptoteins is
subject to transcriptional control and post-translational modificatisivi# and
NOXA, for instance, are induced by p53 (Odaal. 2000; Nakano and Vousden
2001). BAD is activated by phosphorylation in response to a lack of susiyrels
(Zhaet al. 1996) and BID is converted to its active form via caspase deawpon
death receptor triggering (kt al. 1998; Luoet al. 1998).

The activity of BAX and BAK is negatively regulated by thseti-apoptotic
members of the BCL-2 family, including BCL-2, BCL-XL and MQl_which show
homology in all four BCL-2 homology domains. The founding member of the-BCL
family, the BCL-2 proto-oncogene identified in B-cell lymphomas, Vi@asd to
block apoptosis following multiple physiological and pathological stifudux et al.
1988; McDonnellet al. 1989). Accordingly, Bcl-2 deficient mice display excessive
apoptosis of lymphocytes in thymus and spleen (\éeial. 1993). Anti-apoptotic
BCL-2 proteins are thought to bind and sequester BH3-only proteins to prevent
BAX/BAK activation, and to directly bind to BAX and BAK to keepem in their
inactive conformation (Chengt al. 2001; Martinou and Green 2001) (Figure 1).
Because of the mutual inhibition of BCL-2 and BH-3 only proteins, the o these

molecules within a cell is a crucial determinant of théscalisceptibility to intrinsic
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death signals. There is ample evidence that cells double-deficiteBAX and BAK
are resistant to all stimuli that trigger death via theoahiobndrial apoptosis pathway
(Lindstenet al. 2000; Weiet al. 2001). This supports the notion that BAX and BAK
are a requisite gateway to the intrinsic apoptosis pathwayé\Veki2001; Danial and
Korsmeyer 2004).

A second group of regulatory proteins, inhibitors of apoptosis proteins)(IAPs
controls caspase activity downstream of cytochrome c reledee.BICL-2 family
proteins, they are subject to transcriptional regulation and poslatianal
modifications. For instance, IAPs are induced by survival signals throughtaonti of
the NFkB group of transcription factors (Wamgal. 1998) and can be inactivated by
proteolytic cleavage. IAPs were initially characterizesl baculovirus-encoded
proteins that suppressed apoptosis in infected host cells (Clem Z06%y). are
characterized by zinc-binding baculoviral I1AP repeat (BIR) doasmiaMammalian
homologues include c-IAP-1, c-IAP-2 and XIAP, which inhibit the attivof
caspase-3, -7 and -9 (Salvesen and Duckett 2002; Shi 2002; Riedl and Shi 2004).
XIAP (X-linked IAP) and c-IAP-1 and -2 inhibit active caspa8eand -7 by blocking
the enzyme’s substrate binding site (Rbgl. 1997; Deverauxt al. 1998; Riedkt al.
2001; Suzukiet al. 2001; Scottet al. 2005). XIAP potently inhibits caspase-9 by
trapping it in a catalytically inactive conformation (Srinivasetlal. 2001; Shiozaket
al. 2003).

In mammals, the inhibition of caspases by IAPs is antagonizdiinding of
SMAC/DIABLO and OMI/HTRA2, two mitochondrial proteins released dgri
apoptosis (Diet al. 2000; Suzuket al. 2001; Verhagermt al. 2002). Both molecules
possess conserved tetrapeptide IAP binding m@is et al. 2000; Hegdeet al.
2002). Omi/HTRAZ is a serine protease that neutralizes IAPs, presunyatibalvage
(Suzuki et al. 2004). SMAC binds IAPs, thereby preventing them from targeting
caspases (Wdt al. 2000; Yang and Du 2004) (Figure 1). Thus, the balance between
IAPs and IAP antagonizing proteins is an important control faotoeffector caspase
activation. In addition, caspases themselves and other proteinsdhdterapoptosis
downstream of cytochrome c release, are subject to transoaptiregulation
(Earnshawet al. 1999). Caspase-3 and Apaf-1, for instance, are under transcriptional
control of E2F-1 (Mulleet al. 2001).

10
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The activation of initiator caspases by death receptors isateguby the
expression of FLIP (FLICE-like inhibitory protein; FLICE, FADike ICE like
protease, one of the original names for caspase-8) (Kreegér 2001). FLIP is a
caspase-8 homolog that lacks the catalytic cysteine, but canhfetero-dimers with
caspase-8 that are catalytically active (Micheaal. 2002). This mechanism appears
to enhance caspase-8 activation at the DISC at low concensrati FLIP, while high
levels of FLIP inhibit activation of caspase-8 and -10, presumablpdoypying
caspase binding sites at the activation complex (Clearay. 2002; Micheau and
Tschopp 2003) (Figure 2). In addition, the very first step of the extragsoptosis
pathway — the activation of a death receptor - can be inhibitedebgxpression of
decoy receptors - extracellular, truncated versions of deaéptogs that compete
with receptors on the cell surface for ligand binding (Igney and Krammer 2002).

Moreover, survival signals and death signals can be transduc#te lsame
receptor. The most prominent example is provided by TNFR1, whictases an NF-
KB-dependent survival pathway but can also induce apoptosis (Karin 1998; Van
Antwerpet al. 1998) (Figure 3). Cells deficient for components of thexkBFpathway
are sensitized to TNF-induced apoptosis (Waghrat. 2003), indicating that NikB
promotes survival in response to TNF. The decision between life and death appears to
be governed by differential complex formation between various DB RED
containing adaptor proteins (Danial and Korsmeyer 2004). Upon TNFR1taxtiva
the receptor DISC containing TRADD, TRAF2, c-IAP1 and the kinag¥l Riecruits
and activates the IKK (Inhibitor of NkB kinase) complex (Micheau and Tschopp
2003; Wajantet al. 2003). The resulting activation of N€B transcription factors
induces the expression of anti-apoptotic proteins, such as c-IAP aid (Wan
Antwerp et al. 1998), which interfere with caspase-8 activation in a TRADD-based
cytosolic complex (Micheau and Tschopp 2003). The TNFR1 DISC alsaiast
another major transcription factor, c-Jun/AP1, via activation of Joaski (JNK).
However, the role of c-Jun/AP1 activity for cell survival remambe clarified. Both
pro-and anti-apoptotic effects have been reported (Liu 2003; Varfolomegv a
Ashkenazi 2004).

In addition to the mechanisms described so far, recent evidence suggesbis that
cleavage of effector caspase substrates constitutes an impootandl point in

apoptosis regulation (Chau and Wang 2003). The cleavage of proteins, which
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Figure 3. TNFR1 signaling pathways

Engagement of TNF with TNFR1 results in the formatdf a receptor-proximal complex containing
the adaptor proteins TRADD, RIP and TRAF2, whichtum recruit c-IAP proteins and IKK. This
signaling complex initiates NdB and JNK activation. A second complex based on DRARIP and
TRAF2 is formed in the cytosol and recruits FADDdgpro-caspase-8. Caspase-8 activation in this
complex initiates the apoptotic caspase cascadgpasa-8 activation is inhibited by NdB-induced
expression of FLIP and other anti-apoptotic pratein

normally inhibit caspase activation, seems to create a posdadbéck loop that
drives further caspase activation (Chau and Wang 2003). An IKK matsistant to
cleavage by effector caspases, for instance, was able tatpoetés from TNF-
induced apoptosis (Targgal. 2001). Likewise, a caspase-cleavage resistant variant of
the Retinoblastoma protein can suppress caspase activation and apopsesiral
cellular contexts (Harbour 2000; Chau and Wang 2003). These data inditated
cleavage of certain key substrates may be a required step iex#oeition of

apoptosis.
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In summary, apoptosis pathways are regulated by various mecbaatsm
several control points, whose relative importance depends on the apoiaticis
and the cellular context. Negative regulation of apoptosis is udhallgffect of the
simultaneous activity of survival pathways Key regulators of thigochondria
apoptosis pathway are pro- and anti-apoptotic proteins of the BCL-2yfaiP
proteins and IAP antagonizing proteins control caspase activation doansoke

cytochrome c release..

1.6 The retinoblastoma protein as a regulator of
proliferation and apoptosis

RB, the product of the retinoblastoma-susceptibility gdri®),(was the first tumor
suppressor protein to be identified (Sherr 1996). In individuals heterozygowas
germline mutation in th&B gene, acquisition of a second mutation in the wild-type
RB allele in embryonic retinoblasts results in the development ofotgastoma in
early childhood, a mechanism that was first suggested by a propetatistical study
of human retinoblastomas (Knudson 1971). The tumor suppressor functiiisf
consistent with the critical role of the Rb protein in cellleyegulation (Figure 3).
RB inhibits proliferation by repressing transcription of geneguired for DNA
synthesis through its interaction with the E2F family of trapson factors (Nevins
et al. 1997; Harbour 2000). Active RB binds E2Fs and converts them into
transcriptional repressors by recruiting chromatin-modifying eresy(Harbour 2000;
Nielsenet al. 2001). Mitogenic signaling drives cell cycle progression through the
activation of cyclin-dependent kinases (CDKSs), which phosphorylat¢MRiBgan et
al. 1998). The hyperphosphorylation of RB by cyclin D-CDK4/6 complexesith
G1 inactivates its transcriptional repressor activity by digngpthe interaction with
E2F and chromatin modifying enzymes (Bremeeal. 1995; Knudsen and Wang
1996; Mittnacht 1998).

The elimination ofRb by gene targeting in mice was found to result in
embryonic lethality (around embryonic day 13.5) and revealed additimmetidns of
Rb during development (Clarlet al. 1992; Jack®t al. 1992; Leeet al. 1992).Rb-
null  mutant embryos suffer from ectopic proliferation in the develomentral
nervous system (CNS), consistent with the established role of2RbfEcell cycle

regulation. IntriguinglyRb deficient embryos also display massive apoptosis in
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Figure 4. Inhibition of cell cycle progression bR

Hypophosphorylated RB binds the E2F transcriptextdr, a hetero-dimer of DP and E2F, and recruits
chromatin-modifying enzymes to form a complex, whisuppresses “S phase genes”, whose
transcription is required for DNA synthesis. Updropphorylation by CDKs in mid G1, RB dissociates
from E2F, which then activates the transcription ©phase genes. RB is re-activated through
dephosphorylation at the end of mitosis.

the CNS and exhibit defects in the terminal differentiation ofoeyies and
erythrocytes. These observations strongly indicated additional fmeRB in the
process of terminal differentiation and apoptosis regulation. Témnirial
differentiation of a progenitor cell into a quiescent post-mitaid! is usually
accompanied with the loss of its proliferative potential, a cheniatit effectively
preventing tumor development. Thus, the promotion of terminal differemtjatihich
has been confirmed in several contexts (Lipinski and Jacks 1999; Feus&lack
2001), is another mechanism potentially contributing to the tumor suppeetsaty
of RB. At the same time, the phenotype of Rb-deficient mice, whdibated that RB
is normally required to inhibit apoptosis, seemed to contradict RBlkestablished
growth suppressing function. Despite this apparent conundrum, seirersl df
evidence now support the ability of RB to suppress apoptosis (Harbour 2080; C
and Wang 2003). Together, these studies revealed an intriguing duafl RiBe as an
inhibitor of both cell growth and death (Chau and Wang 2003).
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In addition to E2F transcription factors and chromatin modifying engyRB
interacts with an astounding variety of cellular proteins (Marid Dyson 2001). The
affinity of RB to its binding partners was shown to be intabatregulated: three
distinct peptide-binding pockets have been identified in RB to bind €& tterminal
region of E2F (Xiacet al. 2003), (b) the LxCXE peptide mot#.g. in viral E7 protein
or cellular histone methyl-transferase (let@l. 1998; Robertsost al. 2000) and (c)
the PENF homology maotif, e.g., in cellular proteins such as cykbsine kinase and
Serpin 2B (Darnellet al. 2003). Each of these peptide-binding pockets is
independently regulated by specific CDK phosphorylation sites (Knuaisé Wang
1996). Mutation of nine out of sixteen CDK sites is required to eraatRB variant
with constitutive growth suppressing function (Knudsen and Wang 1997). This
variant, termed PSM-RB (phosphorylation site mutated RB), lack&ense
phosphorylation sites in the C-region and two phosphorylation sitéseinnsert
region of RB (Knudsen and Wang 1997) (Figure 5). PSM-RB is a potebitors of
proliferation in various cellular contexts (Knudsen and Wang 1997; lemusisal.
1998; Sever-Chroneas al. 2001).

In addition to changes in its phosphorylation status, regulated cleavage
degradation control the activity of the RB protein. RB is an effezdepase substrate
and caspase cleavage induces its degradation during apoptosis (ara;nd998).
Mutation of the C-terminal caspase cleavage site (Figugergrates a protein termed
RB-MI (mutated in ICE-site) that is resistant to caspaeavage and can suppress
apoptosis in response to various stimuli (Tan and Wang 1998). The Mionutas
moreover been introduced into the mow®el gene by gene targeting to create
ROM'™! *knockin’ mice (Chauet al. 2002). In these animals, Rb-MI conferred tissue-
specific protection from endotoxin-induced apoptosis. Moreover, fibroblastseder
from these animals were specifically protected from TNFRduced apoptosis, but
remained sensitive to apoptosis in response to DNA damage éC&la@002). These
observations indicate that elimination of RB is a required stegelgctive apoptosis
pathways. A fundamental question in this context is, whether apoptosis suppression by
RB is connected to its growth suppressing activity and may thusthgomized by
phosphorylation as well as degradation. In particular, the role ofdé@éndent cell-

cycle regulation for apoptosis suppression by RB is not fully understood. The ectopic
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Figure 5. Domain structure of the Retinoblastonagin

The A and B pocket domains are shaded in red; CBésphorylation sites are indicated by diamonds.
Two conserved caspase consensus sites are indimatgdrs, one -DEAB®G- at the C terminus (Tan
et al. 1997), the other - DS in the N-terminal domain (Fattmaet al. 2001). Residues that are
mutated in RB-MI or PSM-RB are shown in red.

S-phase entry and enhanced apoptosis of cells in the developing G¥Sahbryos

are absentn Rb”E2F1" double null mutant animals (Tsei al. 1998). Moreover,

E2F1 was shown to control the expression of both S-phase- spmuifiapoptosis-
promoting genes, including Apaf-1 and caspase-3 (Malleal. 2001). These data
suggest that RB controls developmental apoptosis by suppressingnseription of

E2F regulated pro-apoptotic genes. On the other hand, RB is able taH#oCkIF-
induced apoptosis pathway, which is independent of transcription (Chau and Wang
2003). Thus, the central question remains, whether apoptosis suppressidh by R
obligatory depends on the regulation of gene expression, or if RBctahraugh

other mechanisms to inhibit apoptosis. Moreover, the relative isignie of RB-
dependent apoptosis suppression for each of the various apoptosis pathways in

developmentally mature cells remains to be elucidated.
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1.7 Objectives

The first aim of this work was to examine the role of RB inrtbgative regulation of
different cell death pathways. To this end, it was intendeddmime the potential of
constitutively active RB variants to inhibit apoptosis induced by Dédage,
general kinase inhibition and tumor necrosis facotorCell lines with stable
expression of RB variants that were resistant to CDK-mediptexphorylation,
caspase-induced degradation, or both, were to be generated. The growtorinhibi
activity of CDK-phosphorylation resistant variants required theofisecell line that
allowed inducible gene expression (TET off system). This systes expected to
allow a comprehensive analysis of the effects of RB-induced thrasrest and
caspase-resistant RB activity on the cellular response to different apsgtauli.

The second aim was to elucidate the mechanism for RB-dependelaiticeg
of apoptosis in response to extracellular death stimuli. In pamtjigulaas intended to
identify the control point for the inhibition of TNFR1-induced apoptosishroblasts
derived from mice expressing caspase-resistant Rb (Rb-MIYérdify putative Rb-
dependent changes in the expression of apoptosis-related genes,décided to
conduct a microarray-based gene expression analysis of TNeetiRa"™' cells.
The alternative possibility of a post-transcriptional anti-apapfoinction of Rb-Ml
was to be addressed by a step-wise analysis of the mitochapbfzbsis pathway in
ROM™! cells. This approach implied a detailiedvitro analysis of the cytochrome c
release capacity of cytosolic extracts from TNF-treatdts.cin summary, this study
aimed to gain insights into the regulation of apoptosis by RB to sitgdbh the dual
role of RB as a regulator of proliferation and cell death.
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2 Results

2.1 Effect of constitutively active RB variants on cell death
response to different stimuli

To compare the potential of constitutively active RB variants tdinhpoptosis in
response to different types of stimuli, cell lines with staxpression of RB variants
were generated. The growth inhibitory activity of CDK-phosphorylatiesistant
variants required the use of a parental cell line that allowedilsidugene expression.
Therefore, the Rat fibroblast cell line Rat-16 (Sever-Chroeeak 2001) was used,
which has been engineered to express the TET-VP fusion protein andiepraoght
control of tetracycline-regulated gene expression (TET ofesys Rat fibroblasts are
suitable for the analysis of inducible RB expression, because tpegss Rb at very
low endogenous levels that are not detectable in most asgayEidure 2c).

Four Rat-16-based cell lines were generated that exprestddype RB
(WT-RB), caspase site-mutated RB (RB-MI), phosphorylation rsiitated RB
(PSM-RB), or PSM-RB-MI, respectively, each under the contrdheftetracycline-
regulated promoter. Upon switching to tetracycline-free medipression of wild-
type RB, or one of its variants, was induced in each of the foulireedl and each of
the proteins localized correctly to the nucleus (Figure 1a-h). énatibn in these cell
lines was monitored through pulse labeling of replicating cellsh wit
bromodeoxyuridine (BrdU). Cells that incorporated BrdU during DNwtlsgsis were
stained with a FITC-conjugated anti-BrdU antibody. Co-stainingllotedls with
propidium iodide allowed to determine the percentage of cells in ®phes
previously reported (Knudsen and Wang 1997; Knudsea. 1998), expression of
PSM-RB inhibited DNA synthesis causing the majority of tHesde arrest in G1 by
24 hr after the removal of tetracycline (Figure 2a, b). Likeywexpression of PSM-
RB-MI inhibited DNA replication (Figure 2b). However, expression of-RB or
RB-MI did not interfere with the proliferation of Rat-16 cellsgiire 2b), because

these proteins could be inactivated by phosphorylation (Figure 2c).
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Figure 1. Induced expression and nuclear locatinadf RB variants in Rat-16 cells.

The indicated cell lines were seeded on coverslis cultured in the absence of tetracycline foh24
Cells were fixed and RB was detected by indireanimofluorescence. Representative pictures are
shown at 60 x magnification.

2.1.1 Doxorubicin-induced activation of caspases is attenuated
in Rat-16 cells arrested by PSM-RB

Having thus characterized the established cell lines, the effeach of the four RB
proteins on the cellular response to DNA damage was examined. BMAge was
induced by doxorubicin, a chemotherapeutic anti-tumor agent of the anthracyclin type
Doxorubicin acts via several mechanisms, including topoisomerasailbition and
free radical formation, that cause DNA double strand breaks andiresuiibition of
DNA replication (Panaretakig al. 2002). Rat-16 fibroblasts express the p53 protein,
which is stabilized in response to doxorubicin treatment (Figure IBaaddition,
doxorubicin induced cleavage of Parp to an 89 kD fragment, which isaliypic
observed in apoptotic cells (Figure 3b). However, doxorubicin did not indute a
cell death in Rat-16 cells: after 48 hours treatment with doxaruthe analysis of
cellular membrane integrity showed no increase in the number of atea€ecrotic
cells (Figure 3c) and almost no cells with the sub-G1 DNAearintharacteristic of

apoptotic cells could be detected (not shown).
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Figure 2. Effect of RB variants on Rat-16 cell &plogression

(a) Inhibition of BrdU incorporation by PSM-RB. PSRB cells were cultured with (uninduced, left
panel) or without (induced, right panel) tetracyeli(TET) for 24 h and pulse labeled with BrdU. €ell
were fixed and stained with FITC-conjugated BrdUiteody and propidium iodide and analyzed by
flow cytometry. Shown are representative densittgpbf FITC (BrdU) and propidium iodide (DNA
content) signal intensity. (b) Summary of the effe€ RB variants on BrdU incorporation. The
indicated cell lines (WT, WT-RB; etc.) were cultdreith (uninduced) or without (induced) TET for 6
h or 24 h and analyzed as in (a). 10 000 gatedtgewesere counted and the percentage of S-Phase
(BrdU-positive) cells was calculated. (c) Phosplatign status of RB variants 24 h after induction.
The indicated cell lines were cultured with (unindd) or without (induced) TET for 24 h, and RB was
detected in whole cell lysates by immunoblottingRBp hyperphosphorylated RB; RB,
unphosphorylated RB

The resistance of Rat-16 cells to doxorubicin-induced acute ceih deas not
affected by induction of RB or one of its variants in any of the tell lines (Figure
3c). However, doxorubicin did cause a drastic reduction in clonogenivauo? Rat-
16 cells (Figure 4a). PSM-RB and PSM-RB-MI cells weragucatl with or without
tetracycline for 24 hr, and then treated with doxorubicin for 24 hoursr &#atment,
equal numbers of cells were replated in tetracycline-containedjarand allowed to
grow for one week. At that point, surviving cells were stained wanyistal violet to
determine the percentage of surviving doxorubicin-treated cellsuaMir no cell

proliferation could be detected in the doxorubicin-treated samples (Figure 4a).
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Figure 3. Doxorubicin (DOX) induces p53 accumulateind Parp cleavage but does not induce acute
cell death in Rat-16 cells

(a) Stabilization of p53 protein in DOX-treated R#t cells. Uninduced RB-MI and PSM-RB cells
were treated with DOX for the indicated times. Hqumounts of protein from whole cell lysates were
resolved by SDS-PAGE and p53 was detected by imblatilmg. (b) Cleavage of Parp in DOX-
treated Rat-16 cells. Uninduced PSM-RB cells weeated as in (a) and Parp was detected by
immunoblotting. (c) Quantification of cell death Rat-16 cells. The indicated cell lines were ctlr
with or without TET for 24 h and subsequently tegatvith DOX for 48 h in the presence (white bars)
or absence (black bars) of TET. Uptake of propidiadide (PI) was analyzed by flow cytometry.

Induction of PSM-RB or PSM-RB-MI for 24 hours before and during dre@tment,

did not affect clonogenic survival (Figure 3d). These resultsesidbat doxorubicin
activates p53 to induce long-term growth arrest rather than acutesigapt Rat-16
cells. Growth arrest caused by PSM-RB or PSM-RB-MI pigodrug treatment had

no impact on the permanent growth arrest and the resulting lackowbgenic
survival caused by the exposure to doxorubicin. Although doxorubicin did not activate

apoptosis, it induced cleavage of Parp (Figure 3b) and cleavage of WT-RB and
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Figure 4. Doxorubicin (DOX) induces long-term groverrest in Rat-16 cells.

(a) Lack of clonogenic survival in DOX-treated Rd#x-cell populations. The indicated cell lines were
cultured with (uninduced) or without TET (inducdd) 24 h and subsequently treated with DOX for 24
h in the presence (white bars) or absence (blacK lod TET. Cells were washed and replated in TET
containing media and clonogenic survival was astafeer 7 days in culture. NT, no treatment (b)
DOX induces dephosphorylation and cleavage of Rie ihdicated cell lines were cultured without
TET for 24 h and subsequently treated with DOXtFar indicated times and RB was detected in whole
cell lysates by immunoblottingARB, truncated RB resulting from cleavage at thee@tnal DEAD
sequence; pRB, phosphorylated RB; RB, unphosphed/iaB

PSM-RB to a size corresponding&&B (Figure 4b). This cleavage product was not
observed with RB-MI or PSM-RB-MI (Figure 4b), confirming clege to be at the
site that is eliminated by the MI mutation. It has previousknbghown that the C-
terminal cleaved\RB is unstable (Taet al. 1997); this might explain the very faint
ARB band on these blots. However, despite the cleavage reactionof pevels
were not significantly reduced in doxorubicin-treated cells. ThisreaBen suggests
that the low levels of detectabdRB simply reflect the minor extent of RB cleavage
under these conditions. While in untreated WT-RB and RB-MI cellsimterity of
RB was in its hyperphosphorylated form, dephosphorylated RB acateduin
doxorubicin-treated cells (Figure 4b). The resulting change in dhie between
dephosphorylated and hyperphosphorylated forms of RB is consistent with th
observation that doxorubicin induced growth arrest in Rat-16 cells.

The characteristic cleavage fragments of RB and Parp indictitad
doxorubicin activated caspases despite the absence of apoptosis. Fm ¢bisf

notion, caspase activity was measured in cell extracts using the syraétrapeptide
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Figure 5. Inducible expression of PSM-RB or PSM-RBinhibits caspase activation in response to
doxorubicin (DOX)

(a) DEVDase activity in DOX-treated Rat-16 cellsheT indicated cell lines were cultured with
(uninduced) or without TET (induced) for 24 h antbsequently treated with DOX for the indicated
times in the presence (white bars) or absence Kidacs) of TET. Equal amounts of protein from
whole cell lysates were incubated with a fluorogerdaspase-3 substrate (Ac-DEVD-AMC) for 30 min.
For each time point, the fold increase in fluoreseeintensity relative to uninduced, untreated mnt
cells is given as DEVDase activity. (b) Levels tdaved caspase-3 in DOX-treated Rat-16 cells. The
indicated cell lines were treated as in (a). Ecambunts of protein from whole cell lysates were
resolved by SDS-PAGE and cleaved caspase-3 (uppel)pand pro-caspase-3 (lower panel) were
detected by immunoblotting.

substrate Ac-DEVD-AMC (Figure 5). Caspase cleavage of AVIDIAMC releases
the 7-amino-4-methylcoumarin (AMC) reporter group, which can then be detacted i
a fluorometric assay. When cultured with tetracycline (RB esgive off), DEVDase
activity increased 7-10 fold after 24 hours treatment with doxoruimceach of the
four cell lines (Figure 5a, white bars). In addition, cleaved caspaselm®detected

by immunoblotting in doxorubicin-treated samples (Figure 5b, TET +s]amgper

23



Results

panel). Interestingly, expression of PSM-RB or PSM-RB-MI for 2dr&iqorior to
doxorubicin treatment caused a reduction in DEVDase activation while expression
of WT-RB or RB-MI had no significant effect (Figure 5a, blackshaConsistently,
cleaved caspase-3 accumulated to a similar level in unindarmdnduced RB-MI
cells, but reached considerably lower levels in cells induceB$d1-RB expression
(Figure 5b, TET - lanes, upper panel). Evidently, induced expressie8MfRB did
not reduce protein levels of pro-caspase-3 (Figure 5b, lower pahely, PSM-RB
apparently did not interfere with pro-caspase-3 expression, but ethilte
processing of pro-caspase-3 to its active form.

To determine if the establishment of PSM-RB-induced cell cgolest was
required for the reduction of caspase activation, PSM-RB was indocezhly 6
hours prior to doxorubicin treatment. After 6 hours, PSM-RB protein accumulated to a
level that was already significantly higher than the endogendiis(FRgure 6b,
endogenous RB not detectable on this blot), but the percentage of cepibasSwas
still the same as in uninduced cells (Figure 2b). Doxorubicin addedus after
induction of PSM-RB expression caused a level of caspase aatontparable to
uninduced cells (Figure 6a). This result suggested that eitHecycdd arrest or an
excessive level of PSM-RB was required for the attenuation of caspasei@aact

In order to test, if starvation-induced cell cycle arrest cdmbit caspase
activation in cells without PSM-RB expression, uninduced WT-RB celse
synchronized in quiescence by serum withdrawal prior to doxorubicatntest.
Parallel populations of quiescent cells were then treated witbrdoicin either after
the re-addition of serum or under conditions of continuous serum starvaityome(F
6c). Cells that had re-entered the cell cycle (white bartsyaded DEVDase to the
same level as control cells that had not been serum-starvedb@®y In contrast,
cells that had remained quiescent (black bars) showed greatlyedediaspase
activation in response to doxorubicin. Taken together, these results tsingggsSM-
RB and PSM-RB-MI interfered with doxorubicin-induced caspase dictiyamost
likely by blocking cell cycle progression. It should be noted tledltcycle arrest did
not prevent doxorubicin from causing damage, because induction of grovghlegyre
PSM-RB or PSM-RB-MI did not rescue clonogenic survival of doxorukieated
cells (Figure 4a). Thus, PSM-RB and PSM-RB-MI affected caspativation but not

induction of permanent growth arrest by doxorubicin in Rat-16 cells.
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Figure 6. Cell cycle arrest inhibits caspase atibwan response to doxorubicin (DOX)

(a) DEVDase activity after DOX treatment of unateesPSM-RB cells. PSM-RB cells were cultured
with (uninduced) or without TET (induced) for orlyh and subsequently treated with DOX for the
indicated times in the presence (white bars) ormds (black bars) of TET. At each time point
DEVDase activity in whole cell lysates was deterediras described in Figure 5. (b) PSM-RB protein
levels 6 h and 24 h after induction. PSM-RB cellgemreated as in (a). Equal amounts of proteimfro

whole cell lysates were resolved by SDS-PAGE and W& detected by immunoblotting. (c)

DEVDase activity in DOX-treated WT-RB cells. WT-Ri&lls were cultured in the presence of TET
and either serum starved for 3 days followed by@ilture in 10 % serum (white bars), continuously
serum starved for 3 days + 8h (black bars) or oedtun 10 % serum for 24 h (grey bars). Subsequentl
cells were treated with DOX in 10 % (white and gtegrs) or 0.1 % serum (black bars) for the

indicated times. Whole cell lysates were analyzethda).
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2.1.2  Staurosporine-induced apoptosis of Rat-16 cel Is is not
prevented by PSM-RB

Staurosporine (STS), a broad-spectrum inhibitor of protein kinaseppigiat inducer
of apoptosis in a wide range of cell types, including Rat fibroblg@&ishidaet al.
1997). Similar to DNA damage inducing agents, STS can alterhaintice growth
arrest. Previous studies have suggested STS-induced G1 arreshéalibeed by RB
(Schnieret al. 1996; Orret al. 1998; Cheret al. 2000). Therefore, it was examined
whether staurosporine-induced apoptosis of Rat-16 cells can be ptebgnRSM-
RB-mediated cell cycle arrest. Treatment with 1 uM staurasponduced a high
level of DEVDase activity (Figure 7a) and phosphatidyl-seexgosure (annexin-V
staining) on the plasma membrane (not shown) within a few hours. Vakede
DEVDase activity induced by staurosporine was ten times htgharthat induced by
doxorubicin (compare Y-axis values in Figure 5a and 7a). Inductiorelbfcycle
arrest by either PSM-RB or PSM-RB-MI did not affect stapoosme-induced caspase
activation: levels of DEVDase activity were similar in uninducevhite bars) and
induced (black bars) cells (Figure 7a).

Moreover, PSM-RB cleavage tdRB and, to a minor extent, alternative
fragments (*RB), was observed with time in staurosporineddeaells (Figure 7b).
The *RB fragments may result from cleavage at a previoussgribed internal
caspase site (Fattmast al. 2001), or reflect cleavage by non-caspase apoptotic
proteases. Consistently, *RB generation could not be prevented byanuiathe C-
terminal caspase site and was thus also observed in staurospeNREB-MI cells.
Moreover, alternative cleavage events evidently induced RB degradatiboaused
the loss of PSM-RB-MI, despite the fact that the MI mutationgaried the formation
of ARB (Fig. 7b). In summary, it was shown that PSM-RB-induced Ggstahad no
effect on staurosporine-induced apoptosis in Rat-16 cells. Moreover, anutétihe
C-terminal caspase site did not prevent RB degradation during staunasinduced

apoptosis.
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Figure 7. Staurosporine (STS)-induced caspaseadictivis not affected by PSM-RB variants

(a) DEVDase activity in STS-treated Rat-16 celSMPRB and PSM-RB-MI cells were cultured with
(uninduced) or without TET (induced) for 24 h antbsequently treated with STS for the indicated
times in the presence (white bars) or absenceklidacs) of TET. DEVDase activity was analyzed as
in Figure 5. (b) PSM-RB and PSM-RB-MI protein degation in STS-treated Rat-16 cells. PSM-RB
and PSM-RB-MI cells were treated as in (a). Equabants of protein from whole cell lysates were
resolved by SDS-PAGE and RB was detected by immiottoly. ARB and *RB indicate cleavage
fragments of RB.
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2.1.3 Inducible expression of RB variants sensitizes Rat-16 cells

to TNF-induced apoptosis

Tumor necrosis factor (TNF), in combination with cycloheximidelXg, is known to
induce caspase-dependent (apoptotic) and caspase-independent (reglategth in
cultured fibroblasts (Liwet al. 1996; Humphreys and Wilson 1999; Denecéieal.
2001; Linet al. 2004). TNF/CHX-induced death of Rat-16 cells, measured by the
uptake of propidium iodide (PI), was only partially inhibited by linead-spectrum
caspase inhibitor z-VAD-fmk (Figure 8, left panel); and not aased with DNA
fragmentation, as measured by sub-G1 DNA content (Fig. 9a, whg dracaspase
activity (not shown). These results suggest that Rat-16 cellsgmdecrotic death in
response to TNF/CHX. The percentage of Pl positive cells easame in uninduced
(white bars) and induced (black bars) PSM-RB cells, indicating R&afl-induced
cell-cycle arrest did not prevent TNF-induced cell death. Infaggt the expression
of PMS-RB caused a significant increase in sub-G1 DNA contelbwing
TNF/CHX treatment (Figure 9a, black bars). Increased DN@gnfientation and Parp
cleavage were observed, with both mouse and human TNF (Figure ges&rn of
PSM-RB also increased nuclear condensation, which was blockedvBypZmk
(Figure 8), indicating that this was a caspase-dependent prdbesenhanced DNA
fragmentation was not caused by the withdrawal of tetracyaiingarental Rat-16
cells that did not express PSM-RB (not shown) and was thus not arcifinsgigect
of culture conditions. Taken together, these results indicated thatRES&&pression
enhanced the apoptotic response of Rat-16 cells to TNF.

Moreover, induction of RB variants that could be inactivated by
phosphorylation (WT-RB, RB-MI) also enhanced the apoptotic response to TNF/CHX
in Rat-16 cells (Figure 9 and data not shown). Mutation of theasascleavage site
(MI) in either RB-MI or PSM-RB-MI did not prevent or decrease tapoptosis
enhancing effect (Figure 9), consistent with the observation th&e{GMX did not
cause a significant level of RB cleavage or degradation in&aells (Figure 9b).
Although the cleavage of Parp indicated caspase activationr¢Fedp lower panel),
ARB was not detected in cells treated with TNF/CHX (Figdse upper panel). It is
possible thahRB was rapidly degraded or that caspase activity was not higlglenou

to allow accumulation of the cleavage product during apoptosis.
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Figure 8. Caspase inhibition can prevent TNF-inducell shrinkage but not death in PSM-RB
expressing cells. PSM-RB cells were cultured withwithout TET for 24 h and subsequently treated
with m TNF/CHX for 48 h in the presence (white Haos absence (black bars) of TET with (+) or
without (-) prior addition of 5QuM z-VAD-fmk. Uptake of Pl (a) and cell size and pha(b) were
analyzed by flow cytometry

Alternatively, the C-terminal cleavage site may not be atdes$o caspases in
TNF/CHX-treated Rat-16 cells. Importantly, the observation Rtwas cleaved at
this site in cells treated with doxorubicin or staurosporine (Fidurand 7b,
respectively) indicated that RB cleavage is not generally impairedtii@Rcells.
Since all four RB proteins caused a sensitization to TNPABURB and RB-
MI did not inhibit proliferation (Figure 2b), the effect did not cortelaith cell cycle
arrest. Consistently, induction of PSM-RB expression for only 6 hpum to
TNF/CHX treatment was sufficient to sensitize cells toFfiNduced apoptosis
(Figure 10a). To test how cell-cycle arrest by serunvat@n would affect the TNF
response of Rat-16 cells, uninduced cells were synchronized in quiedog serum
starvation before the induction of PSM-RB. Serum-starved cells warkated for 24
hours with or without tetracycline and subsequently treated witONK. Clearly,
serum starvation sensitized Rat-16 cells to TNF—induced apoptosisbiygrdba to a
limitation of survival factors (Figure 10b). Induction of PSM-RB a&ats had no

additive effect on the apoptosis sensitivity of serum-starved cellstleatlsiere
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Figure 9. Induced expression of RB and its variasatssitizes to TNF-induced apoptosis

(a) Levels of cells with subG1 DNA content in TNiedted Rat-16 cells. PSM-RB and RB-MI cells
were cultured with (uninduced) or without TET (irmedl) for 24 h and subsequently treated with
recombinant mouse or human TNF (mTNF, hTNF) andotyeximide (CHX) for 48 h in the presence
(white bars) or absence (black bars) of TET. Caleve stained with Pl and analyzed by flow
cytometry. (b) RB and Parp protein levels in TN&ated PSM-RB and PSM-RB-MI expressing cells.
PSM-RB and PSM-RB-MI cells were cultured withoutTor 24 h and subsequently treated with
MTNF/CHX (MC) or hTNF/CHX (HC) for the indicatedntes. Equal amounts of protein from whole
cell lysates were resolved by SDS-PAGE and RB (uppeel) and Parp (lower panel) were detected
by immunoblotting on the same membrahkindicates the faint RB band visible due to incostel
stripping.
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Figure 10. Effect of cell cycle arrest on sendi$itd TNF-induced apoptosis

(a) Sensitization does not correlate with PSM-R&udiced cell cycle arrest. PSM-RB cells were
cultured without TET for 6 h (black bars) or 24 ¢rey bars) or left uninduced (white bars) and
subsequently treated with mouse TNF plus CHX (TNEXEfor the indicated times in the presence or
absence of TET. Levels of cells with subG1 DNA emntwere determined by flow cytometry. (b)

Sensitization by serum starvation. PSM-RB cells eveultured in 10 % serum (upper panel) or
synchronized in quiescence by culture in 0.1 %rsefiar 3 days (lower panel) in the presence of TET.
During the last 24 h, PSM-RB expression was induopeldalf of the samples (- TET). Subsequently,
cells were treated with mouse TNF plus CHX (TNF/QHa$ indicated in the presence (+ TET) or
absence (- TET) of TET and/or serum. Cell cycletriistion and subG1l DNA content were

determined by flow cytometry. Shown are histogrant0 000 gated events.

PSM-RB

10% serum

.1% serum
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Figure 11. Sensitization to TNF-induced apoptogigphidicolin (APH)

Uninduced PSM-RB cells were first synchronized iegcence by culture in 0.1 % serum for 3 days.
Subsequently, cells were cultured in 10 % seruml®rh and treated with APH (lower panel) or

DMSO (upper panel) for 22 h. Cells were then treatth TNF/CHX as indicated and pulse labeled
with BrdU. Cells were fixed and stained with FIT@Grgugated BrdU antibody and propidium iodide
and analyzed by flow cytometry. Shown are repredimet density plots of FITC (BrdU) and propidium

iodide (DNA content) signal intensity. Cells withl€51 DNA content are indicated.

quiescent at the time of PSM-RB induction showed the same levelsoptosis as
uninduced cells (Figure 10b, lower panel), while in parallel populatitvas, were
proliferating in 10% serum when PSM-RB was induced, the numbeoptatic cells
following TNF/CHX treatment was again markedly increasedpaned to uninduced
cells (Figure 10b, upper panel). This observation suggests that peBabnt
suppression of survival gene expression might be responsible fogrtbigéization to
TNF-induced apoptosis. Alternatively, interference with replicatosk movement, a
function previously described for PSM-RB (Sever-Chroret@s. 2001), might cause
a replication stress response that enhanced the cells susitepbbé second stress
signal (Figure 27c). This notion was supported by the observationghaticlin-
induced S-phase arrest augmented TNF-induced apoptotic DNA fragioemaRat-
16 cells (Figure 11). Aphidicolin causes cell cycle arrestiry S-phase by selective
inhibition of DNA polymerase alpha (Spadatial. 1985). Cells were first arrested by
serum starvation and then treated with aphidicolin in the pres#nserum for 16
hours prior to TNF/CHX treatment. Synchronization of the populationamy -
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phase was reflected by the accumulation of BrdU-positive wélsG1 DNA content
and the absence of BrdU positive cells with intermediate DNAecomdicative of S
phase cells (Figure 11 lower left hand panel). Interestitigigtment with TNF/CHX
also prevented BrdU incorporation (Fig. 11, upper right hand panel),atimdjc
inhibition of DNA replication by CHX, most likely due to the redoatiin histone
biosynthesis (Venkatesan 1977; Bonaeal. 1988). Again, TNF/CHX treatment did
not cause apoptosis in the absence of RB overexpression (Fig. 11, uppérarnd
panel). Cells arrested with aphidicolin, however, underwent substaptipitcsis
following treatment with TNF/CHX (Figure 11, lower right hanah@B. This result is
consistent with a previous report that aphidicolin sensitized fibroblealls to TNF-
induced apoptosis (Gemt al. 1993) and supports the notion that G1/S arrest or
replication stress can sensitize cells to TNF-induced apoptbsithe Rat-16
expression system, sensitization to TNF-induced apoptosis might b®on-
physiological activity of RB and RB variants that is assedawith conditions of
overexpression.

Taken together, the analysis of RB expressing Rat-16 dellsexl that RB-
dependent cell cycle arrest is not generally associatedregistance to apoptosis. In
Rat-16 cells, PSM-RB induced G1/S arrest could inhibit DNA danrayeced
caspase activation, but did not affect caspase activation in redposiseirosporine.
RB expression sensitized Rat-16 cells to TNF-induced apoptosjseindent from the
induction of cell cycle arrest. Sensitization to TNF/CHX tmezt was also caused by
serum starvation or the inhibition of DNA replication by aphidicolin.
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2.2 Analysis of altered TNF response in ~ Rb™™! fibroblasts

2.2.1 Response of wild-type and Rb“™' cells to selective

activation of TNF receptors

Mutation of the conserved C-terminal caspase recognition siteeifRb sequence
generates a protein (termed Rb-MI) that is resistant tpasascleavage in several
different cellular contexts (Tan and Wang 1998; Chau and Wang 2003)x&ople,
expression of Rb-MI has been shown to protect fibroblasts from imdlieed
apoptosis (Tamt al. 1997) and cultured neurons from apoptosis caused by potassium
deprivation (Boutillier 2000). The MI mutation has been introduced into thesen
Rb-1 gene (Chaet al. 2002) in Dr. Wang's laboratory to gener&e™™' knockin

mice. In these animals, Rb-MI conferred tissue-specific piotedtom endotoxin-
induced apoptosis (Chatial. 2002). Fibroblasts derived froRb™™' embryos were
protected from apoptosis induced by human TNF (hTNF) (@al 2002) and this
work). Interestingly,RoM™' fibroblasts remained sensitive to apoptosis induced by
murine TNFea (mTNF) and the Rb-MI protein was degraded in mTNF-treatdd. cel
This observation is consistent with the notion that Rb degradation is required for TNF-
induced apoptosis and demonstrates that mechanisms other thaniraiteaspase
cleavage can eliminate Rb during death receptor-induced apoptosis.

TNF exerts its diverse biological activities via two difigreeceptors: type 1
TNF-a receptor (TNFR1) and type 2 TNF-receptor (TNFR2). Both receptors
belong to the death receptor family but differ in tissue distobuéind intracellular
signaling (Wajantt al. 2003). In murine cells, hTNF only activates TNFR1, while
MTNF naturally triggers both types. Thus, a different response ohengells to
human and mouse TNF might be explained by the signaling of eitheorobeth
types of TNF receptors. To test this, wild-type @&f"™' fibroblasts were treated
with agonistic antibodies that specifically activate only ontheftwo TNF receptors
(Figure 13). Analysis of cell death based on membrane integritypfake assay)
showed that treatment with TNFR21-activating antibody (anti-TNFRi)s
cycloheximide (CHX) for 16 h caused massive death in wild-tgpe not inRp""™!
cells (Figure 13a). Treatment with TNFR2-activating antibdalyti-TNFR2) plus
CHX did not cause significant death by itself in wild-typeRbM™' cells. Moreover,
co-treatment with anti-TNFR2 did not increase the level ofdelh in anti-TNFR1—
treated wild-type cells. By contrast, Rb™""™' cells, which were resistant to cell death
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induced by anti-TNFR1, the combined treatment with anti-TNFR1amdTNFR2
(plus CHX) induced death to the same extent as in wild-type cells (Figure 13a)

The different sensitivity of wild-type arl@™™' cells to TNFR1-induced cell
death correlated with differences in caspase-3 activatiomr@ig3b). In wild-type
cells, treatment with both human and mouse TNF and treatment witliNfR1
caused the processing of pro-caspase-3 to the active, clieaned_evels of cleaved
caspase-3 in wild-type cells were the same after hTNF didFntreatment as well as
anti-TNFR1 treatment and were not enhanced by co-treatmentdsfype cells with
anti-TNFR1l and anti-TNFR1 (Figure 13b, left lanes). Ag&h™™' cells did not
respond to treatment with hTNF or anti-TNFR1: only mTNF or the booed
treatment with both TNF receptor-activating antibodies caused gaificant
processing of pro-caspase 3 to the active form (Figure 13b, laiges). Thus, the
different sensitivity of wild-type an&™""™' cells to human TNF was mirrored by a
different sensitivity to TNFR1-activating antibody. Thus, the differentcefiEhuman
and mouse TNF oib"™' cells could be attributed to their different capacity to
activate the two TNF receptors. Taken together, these rekolts thatRbM"™' cells
are specifically protected from apoptosis induced by TNFR1.

The possibility that this resistance was due to a reducedsskpmeof TNFR1
in RbV™' cells was ruled out by the comparison of TNFR1 protein lenelgld-type
and ROM™' cells by immunoblotting (Figure 14a). Similar levels of TNF&®LId be
detected in lysates from wild-type ar"™' cells; the identity of the band
corresponding to TNFR1 was confirmed by its absen@®&RR1L" cells.

Previous studies have linked apoptosis Rb” embryos to deregulated
proliferation (Macleodet al. 1996). Moreover, cells in S-phase are known to be more
susceptible to a number of apoptotic stimuli (Meikrantz and Schig$8). To test
for a possible correlation between inhibition of proliferation and protedrom
apoptosis inRb""™' cells, cell cycle progression of wild-type a”R8"'™' cells was
analyzed by BrdU pulse labeling of replicating cells (Figlde). Untreated cells of
both genotypes showed comparable levels of cells in S-phase (Righre0 h).
Treatment with hTNF/CHX inhibited BrdU (5-bromodeoxyuridine) incorporain
both wild-type (+/+) andRb™"™' cells (MI/MI); this effect was probably due to CHX
dependent inhibition of protein and DNA synthesis (Venkatesan 1977; Benaler
1988). Among wild-type cells, levels of proliferating cells droppastdr than with
ROM'™! cells (compare +/+ and MI/MI at 6 h), which was consiststit the onset of
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apoptosis in wild-type but noRo™™' cells within this time course (Figure 13).
Similar results were obtained wiR"'"™' MEFS (Chauet al. 2002). Thus, for the
apoptosis response to TNFR1 activation, the apoptosis suppressiny aftRt-MI

could be separated from its growth suppressor function.

2.2.2  Gene expression analysis of TNF response in ~ Rb™™' cells

Rb"E2F-1" double-deficient embryos are partially rescued from the aberrant
apoptosis observed iRb” animals (Tsaiet al. 1998). E2F-1 has been shown to
regulate several pro-apoptotic genes including Apaf-1 and caSpddaller et al.
2001). Consistently, the expression of Apaf-1 is deregulat&’inembryos (Moroni

et al. 2001). Moreover mutation of Apaf-1 or caspase-3 can prevent ectopic apoptosi
of Rb-deficient neurons (Guet al. 2001; Simpsoret al. 2001). These data indicate
that Rb-dependent suppression of apoptosis during embryonic development is
mediated by E2F1-dependent suppression of genes required for mitoahondri
dependent apoptosis. Thus, the protectiorRiBf"™" fibroblasts from TNF-induced

cell death might also be due to Rb-dependent suppression of E2F1-regutated
apoptotic genes. On the other hand, the observation that cell deathanseso TNF

is enhanced in the presence of inhibitors of transcription and transldike
actinomycin and cycloheximide, suggests that the TNF-induced apop@abhway
does not require new gene transcription.

To directly assess the role of TNF-induced changes in genessikpren the
apoptosis response d&®M"™' fibroblasts, an extensive analysis of TNF-induced
changes in gene expression was conducted via DNA microarray-lupesesl
expressing profiling. The fact that the Rb-MI protein wastimated and degraded in
MTNF-treated cells, allowed the comparison of transcriptionalggsaim response to
TNF in the presence (during hTNF treatment) and absence gdufitNF treatment)
of active Rb-MI. In this way, the response to TNF could be @@infor Rb-
dependent changes in gene expression in a single cell line, thus gwadiations
due to possible intrinsic differences between individual cell lihedest whether Rb-

MI regulates the transcription of apoptosis-related gene&®b™' fibroblasts,

transcriptional changes RbM"™' cells were therefore compared between human and
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Figure 13Rb""™' cells are resistant to apoptosis induced by TNFR1
(a) Percentage of dead (Pl-positive) wild-type J+&nd R
agonistic antibodies against TNF receptors. Cebsewtreated with the indicated antibodies (I, anti-
TNFR1; Il, anti-TNFR1l) for 16 h and Pl positive lisewere quantified by flow cytometry. (b)
Differential activation of caspase-3 in wild-typrdeRb™™' cells. Cells were treated as indicated with
TNF (h, hTNF; m, mTNF) plus cycloheximide (CHX) férh or agonistic antibodies (I, anti-TNFR1;
Il, anti-TNFR1I) plus CHX for 7 h. Lysates were obsed by SDS-Page and pro-caspase-3 (upper
panel), cleaved caspase-3 (middle panel) and tuldolver panel) were detected by immunoblotting.

bMI/MI

tubulin

(MI/MI) cells after treatment with

murine TNF treatment via an oligonucleotide microarray analyiefly, biotin-
labeled cRNA was generated from cellular mMRNA and hybridized @eneChip
oligonucleotide array, representing a mouse genomic library obapmately 12 000
known genes and expressed sequences. To this end, total RNA wasd iadat
untreated control cells and cells treated with human or murine PNB
cycloheximide (CHX).
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Figurel4. Normal expression of TNFR1 and contingngliferation of TNF-resistari cells

(@) TNFR1 protein levels. Whole cell lysates fronidwype, ROV™! cells andTNFR cells were
resolved by SDS page, and TNFR1 and tubulin wetectid by immunoblotting. (b) Time course of
TNF-induced changes in the proliferative index dfiviype andRb™™' cells. Cells were treated with
hTNF/CHX for the indicated times and pulse-labebgth BrdU during the last hour. The percentage of
BrdU-positive cells was determined by flow cytongetr

2.2.2.1 Preparation of biotin-labeled cRNA as hybri  dization probe
From total cellular RNA, double stranded cDNA was synthesized mevarse
transcription reaction (Figure 15). The use of oligo-dT-primershiyiatidize with the
distinctive poly A-signal of mRNA ensured the selective symshe$ expressed
sequences. In addition, the T7 promoter sequence was contained ingtheToli
primers and was thus added to each cDNA sequence. The in this way generated cDNA
pool served as the template for the synthesis of biotin-label®tAcRhe T7
promoter allowed theén vitro translation of cDNA by T7 RNA polymerase. In this
step, cRNA was amplified in a linear way and labeled throughnit@poration of
biotinylated ribonucleotides. The resulting pool of biotin-labeled cRN#tif-
cRNA) quantitatively represented the cellular mRNA contenhattime of sample
collection.

For hybridization, biotinylated molecules were fragmented to @ maoiform
size ranging between approximately 40 to 200 base pairs. This thelpgimize
differences in hybridization kinetics between diverse RNA mubesc that would

result in their over-or underrepresentation on the DNA array. The qualityznd si
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distribution of RNA and cRNA samples was analyzed by gelrelgicoresis (Figure
16). RNA and biotin-labeled cRNA samples were resolved on ethidium deemi
stained agarose gels and visualized under UV light. In total RINguie 16a),
ribosomal RNAs (28 S and 18 S rRNA) are visible as distinct bandstal their
relative abundance in the cell. The visual absence of rRNA degradstn indicator
for high quality of the preparation. Biotin-cRNAs show a sizgritiution ranging
from ca. 500 bp to 1.5 kB, which is typical for mMRNA representing ARRgure
16b, lanes 1-3). Fragmentation resulted in a homogeneous size distribotiooa.
50 to 200 bp (Figure 16D, lanes 4-6).

2.2.2.2 Analysis of DNA microarray hybridization dat a

For each condition (untreated, hTNF-treated, mTNF-treated), tetallar RNA
samples were collected from three independent experiments. -Bib&led cRNA
from each sample was incubated with a separate oligonucleotideamay.
Following hybridization of biotin-labeled cRNA with DNA oligos on timécroarray,
unbound cRNA was washed away and biotin-cRNAs bound to the chip weralstaine
with a streptavidin-conjugated fluorescent dye. Finally, excgssms washed away
and the chip was analyzed with a fluorescent microarray scarfreeamount of light
emitted from each spot on the array is determined by the muphlmdigonucleotide
bound cRNA molecules at this location and is thus proportional to the almenda
the corresponding mMRNA in the sample. Therefore, the fluorescenasiiptealues
for all spots can therefore be translated into expression vdbregach gene
represented on the array. Since scanned images of differentvaiyps their overall
brightness the comparison of expression levels across differeplesagand thus,
separate chips) requires normalization of signal intensitiesa as normalized
against an array with median overall intensity using DNA-Chip |y (dChip)
software (Li and Hung Wong 2001; Li and Wong 2001).

Upon normalization, the data was compared via a statisticdysedahat
calculates the significance of changes in gene expressiad lmas the standard
deviation in data from repeated measurements. This analysipevimsmed using
software (SAM, significance analysis of microarrays, (Tuseteml. 2001) that
calculates two statistical parameters for each gene:“ridative difference in

expression” ) between two states.. untreated and treated), which is based on the
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Figure 15. Flow chart for the preparation of bidabeled cRNA as hybridization probes for
GeneChifi gene expression arrays (modified from Affymetrier@®ChifS Expression Analysis
Technical Manual)
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Figure 16. Size distribution of cellular RNA anatin-labeled cRNA

(a) Total RNA (1 pg) isolated from untreated (ld)e hTNF/CHX-treated (lane 2) and mTNF/CHX-
treated (lane 3RL™' cells was resolved on an 1 % ethidium bromidensthiagarose gel and
visualized under UV light. (b) Biotin-labeled cRNBRNA) derived from the samples shown in (a)
was visualized on an ethidium bromide-stained gefote (lanes 1-3) and after (lanes 4-6)
fragmentation. DNA length standard (1 kB ladderswaaded as reference; 0.5; 1; 1.5 and 3 kB bands
are labeled.

ratio of average change in expression to standard deviation in thefodata
individual gene, and the “expected relative difference in expres&ign’which is the
average of multipled values, which are calculated for random permutations of the
data for the same gene. If there is no significant change in gepeession,
permutation of the data does not changedh&lue, so thatle is equal tod. If the
observed value differs from the expected value by more than a given thoeghel
change in gene expression is called significant.

To identify all significant changes in gene expression, the rewmpetally
observedd values of all genes are plotted versus the expeafktedlues in a scatter
plot. Genes with a positive change in expression (upregulated geaespersented
by points above thd=dg line, downregulated genes are represented by points below
this line. Depending on the threshaldafter which a change in expression is called
significant the SAM software calculates the false disopvate (FDR), which is the
percentage of genes identified by chance. By adjuglinghe number of estimated

false positive genes was reduced to less than one.
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The results of the SAM analysis for TNF-treaRil"™ fibroblasts are summarized in
Figure 17. The comparison of human TNF-treated cells with muitetreated cells
yielded no significantly induced or repressed genes (Figure [h7the scatter plot of
observed versus expectédvalues, all genes are represented by points on or very
close to thel=dg line (FDR < 1 ford = 0.5). By contrast, the comparison of untreated
cells with either human-TNF treated cells (Figure 17b) or muriNE-treated cells
(not shown) yielded a set of 67 known genes that showed a significanat seabt
1.25 fold change in expression (FDR < 1 #r= 2.4). Most of them (64) were
upregulated in TNF-treated samples. Among these were 18 apoptatas-rgenes
(Table 1). Seven out of the nine most highly ranked apoptosis-rejatess (score

10) were previously reported to be induced by TNF, indicating thdityabf the
assay (Table 1). In summary, while a number of known TNF-regligénes were
induced in response to TNF, no Rb-dependent changes in gene expression could be
observed in TNF treategb™™ fibroblasts.
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Figure 17. Significance analysis of DNA microartgyoridization data

(a) Relative changes in gene expression betweerFHigdted and mTNF-treateeb™™' cells. No
significant changes in gene expression are idedtifiy the SAM analysis; all genes are represented b
points on or very close to tl=dg line (FDR < 1 ford = 0.5).

(b) Relative changes in gene expression betwearatatl and hTNF-treatétb™™' cells. Ford = 2.4,

a significant change in gene expression is idewtifor 94 genes (FDR <1 fat = 2.4). Most of them
are represented by points above dale line, indicating a positive change in expressievel. Data
was analyzed using the SAM algorithm for a two-gJampaired response.
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Gene Gene name Score Fold
change
A20 tumor necrosis factor-a-induced protein 3 61.7 1.6
Rel B v-rel oncogene related protein B 30.4 1.4
NF-kB2/p100 nuclear factor of Kk gene enhancer in B-cells 2 20.5 1.3
Caspase-11 caspase-11 18.3 14
TNFaip2 tumor necrosis factor-a-induced protein 2 16.3 1.4
Tnfrsf6 TNF receptor superfamily member 6 16.3 1.4
IKB-a NF-kB inhibitor a 15.5 1.4
TNF-a tumor necrosis factor a 13.6 1.3
NF-kB1/p105 nuclear factor of kK gene enhancer in B-cells 1 10.2 1.3
Birc2/Miap2 baculoviral IAP repeat-containing 2/murine IAP 2 9.6 1.3
Fos FBJ osteosarcoma oncogene 8.8 1.5
Tank TRAF family member-associated NF-kB activator 8.8 1.3
Ttp zinc finger protein 36/tristetraproline 8.4 1.3
Gadd45-8 growth arrest and DNA damage-inducible 45 (3 7.8 1.3
IL-6 interleukin 6 7.5 1.9
Bid BHS3 interacting domain death agonist 7.3 1.4
Phidal T-cell death associated gene 7.1 1.4
JunB Jun-B oncogene 6.9 1.3

Table 1. List of genes induced upon TNF treatmerR"™' cells. Genes are ordered by their score
assigned by significance analysis (SAM). Genes lthat previously been identified as MB-targets

are printed bold. “Fold change” refers to the folthnge in expression level compared to untreated
control cells.
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2.2.3 Analysis of mitochondria-mediated apoptosis i n TNF-

bMI/MI

treated wild-type and R cells

The gene expression analysis described above had confirmed effitierB
activation by human TNF iiRb™™' fibroblasts (Table 1). Together with N¢B,
JNK/AP-1 is activated in response to TNF by a receptor-proxsigakling complex
via the TRAF2 adaptor protein; and has been reported to modulate Exendided
apoptosis response (Varfolomeev and Ashkenazi 2004). To test, if JiNitiao
occurs differentially in hTNF-treated wild-type am"'"™' cells, phosphorylation of
the JNK substrate c-jun was analyzed by immunoblotting wigth@spho-specific
antibody directed against phosphorylated serine 63 of c-jun (Figure Q89 were
lysed by adding hot SDS sample buffer directly to the tissuareudlish to eliminate
phosphatase activity in the lysate. C-jun phosphorylation occtordee same extent
and with the same time-course in both wild-type BB cells. Phospho-c-jun was
detectable as early as 15 min after treatment and was maahfar at least one hour
(Figure 18a). Thus, the TNFR1 DISC-mediated activation of both theBN&nd the
Jun/AP1 transcription factor pathway was unaffected in TNF-treREY™ cells.

The Bcl-2 homolog Mcl-1 has been identified as an early control pbicell
death pathways and degradation of Mcl-1 has been shown to be a psecqui
TNF-induced apoptosis (Danial and Korsmeyer 2004). Therefore, ile@tasmined if

Mcl-1 is efficiently degraded iRb""™!

cells (Figure 18b). Mcl-1 degradation was
observed in both wild-type ariRb ™™ cells within the same time frame (Figure 18b).
These data suggest that Mcl-1 degradation was not prevented by Bbevthus
could not account for the absence of TNF-induced apoptoBis'ifi" cells.

Analysis of caspase-3 processing by immunoblot had indicated edhifiair
caspase-3 activation in wild-type aRB""™' cells in response to human and mouse
TNF. Caspase processing, however, does not necessarily corrdatefiector
caspase activityn vivo, because cleaved caspases-3 and -7 can be subject to inhibition
by IAPs (Salvesen and Duckett 2002; Shi 2002). Therefore, an eneyattitiity
assay was performed to confirm differential effector caspeseation in TNF-treated
wild-type andRo™™' fibroblasts. DEVDase activity was measured in extracts from
untreated control cells and TNF-treated cells (Figure 19a) usiagfluorogenic

caspase substrate Ac-DEVD-AMC. In wild-type cells, both human and mouse TNF
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Figure 18. Normal c-jun phosphorylation and Mcllidavage in hTNF-treatdg™™ cells

(@) Human TNF induces c-jun phosphorylation in wiifge andRb“"™' cells. Equal numbers of cells
were treated with 10 ng/ml human TNF (hTNF) pluslolieximide (CHX) for the indicated times and
lysed in hot SDS sample buffer. Lysates were resbly SDS-PAGE and phosphorylated c-jun was
detected by immunoblotting. Tubulin was detecteddofirm equal loading. (b) Human TNF- induced
Mcl-1 degradation. Wild-type ango™™' cells were treated with hTNF/CHX for the indicatiéues.
Equal amounts of protein from whole cell lysatesemesolved by SDS-Page and Mcl-1 was detected
by immunoblottingJindicates a cross-reactive band

induced DEVDase activity, while irRp""™!

cells only mouse TNF caused a
significant increase in DEVDase activity (Figure 19a)edé results confirm that
caspase-3 type effector caspases are rapidly and efficamiiated in hTNF-treated
and mTNF-treated wild-type cells as well as mTNF-tredl™' cells, but not
hTNF-treated iRb™™' cells.

Effector caspase activation in the TNFR apoptosis pathway cacHieved
via direct cleavage of caspase-3 (-6, -7) by caspase-8, @rpioteolytic cascade
initiated by active caspase-9, which is itself activated appptosome-mediated
oligomerization (Srinivasulat al. 1998; Rodriguez and Lazebnik 1999). Apoptosome
formation is triggered by the release of cytochrome c fratoamondria, which can
be induced by death receptors via caspase-8-mediated generatiorcafed BID (Li

et al. 1998; Luoet al. 1998). Truncated BID (tBID) translocates to the mitochondria
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membrane and is thought to initiate cytochrome c release by pngmot
oligomerization of BAX or BAK (Desaghett al. 1999; Weiet al. 2001). In addition
to cytochrome c, other pro-apoptotic factors like Omi/Hrta2 andcSablo are
released from mitochondria (Kuwana and Newmeyer 2003). To tesheif t
mitochondrial apoptosis pathway is impairedRint""™' cells, TNF-induced release of
cytochrome ¢ and Smac was analyzed by immunoblotting of citosell extracts
(Figure 19b). In wild-type cells, both human and mouse TNF induced retéase
cytochrome ¢ and Smac into the cytosolRbBY'"™' cells, only mTNF/CHX treatment
caused cytochrome ¢ and Smac release from mitochondria (Rif§bje This result
showed that the defect in the apoptosis response of hTNF-tRBEY cells occurs
at the level of or upstream of mitochondria.

To test, if tBid is generated iRO™™' cells, lysates from TNF-treated cells
were analyzed for the presence of cleaved Bid (Figure A98)d cleavage fragment
of the expected size could be detected in lysates from hTddkett wild-type cells
and mTNF-treated wild-type ar™™' cells, but not inRBM™' cells treated with
human TNF. Thus, the cleavage of Bid in TNF-treated wild-type Rot™' cells
correlated with the release of pro-apoptotic factors from the mitochondyiar€¢Fi9b,
c), effector caspase activation (Figure 19a) and cell dedthu(@ al. 2002) and
Figure 22). This observation suggested impaired tBid generation asibl@aause

for the apoptosis-resistancerRE™™' cells.

2.2.4 In vitro analysis of cytochrome c release

To confirm the correlation between tBid generation and cytochrorekease in wild-
type andRo™™' 3T3 cells, the capacity of cytosolic extracts derived from -TNF
treated cells to release cytochrome ¢ was analyzed in &itrd assay (outlined in
Figure 20). Freshly isolated mouse liver mitochondria were inculvatbdcytosolic
extracts and subsequently pelleted by centrifugation. Thesestdacytochrome c into
the supernatant was detected by immunoblot analysis of supernathnpeHet
fractions (Figure 21). Cytosolic extracts from hTNF-treatad, not untreated wild-
type cells caused the complete release of cytochrome crndmechondria into the
supernatant after at least 3 hours of TNF/CHX treatment (Figure 21atlan@s5).
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Figure 19. Differential response of wild-type a®al"™" cells to human and mouse TNF
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(a) Mouse but not human TNF induces DEVDase agtivitRb"'™' cells. Wild-type andRb"'"™' cells
were treated with hTNF/CHX for 4 h. Equal amourtpmtein from whole cell lysates were incubated
with the fluorogenic caspase substrate Ac-DEVD-ANSE 30 min and fluorescence intensity was
measured in triplicate samples. (b) Mouse but nohdn TNF induces release of cytochrome ¢ and
Smac from mitochondria iRbM™' cells. Wild-type andrb™'"™' cells were treated with hTNF/CHX for

5 h. Equal amounts of protein from cytosolic extsavere resolved by SDS-Page and cytochrome ¢
and Smac were detected by immunoblotting. (¢) Mdugenot human TNF induces cleavage of Bid in
RoM™' cells. Wild-type andRb™"™' cells were treated as in (b). Equal amounts ofgimofrom whole

cell lysates were resolved by SDS-Page and Biddstected by immunoblotting.
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Figure 20. Outline of am vitro cytochrome c release assay.

Mitochondria were isolated from mouse liver anduimated with cytosolic extracts prepared from
cultured cells. Following incubation, mitochondead cytosol were separated and each fraction was
analyzed for the presence of cytochrome c.

In contrast, cytochrome ¢ remained in the mitochondrial fraetitar incubation with
extracts from TNF-treateBo™™' cells. The addition of recombinant truncated Bid
termed NC-Bid (Kuwaneet al. 2002), to the reaction was sufficient to induce
cytochrome c release in the presenceRbY'"™' cell extracts (Figure 21b, MI/MI
lanes), consistent with the notion that the lack of tBid causes libenee of
cytochrome c release RO™™' cells.

Moreover, titration of the cytochrome c release capacity ofBNCin the
presence of extracts from hTNF-treat@d"™' cells and untreated wild-type cells
showed that there is no specific inhibitory activityR"™' cells (Figure 21b, MI/MI
vs. +/+ lanes). Finally, extracts from TNF-treated wildetypells were able to
efficiently induce cytochrome c release from mitochondria iedl&tomRbM™' mice
(Figure 21c, MI/MI mito), excluding the possibility that a mitoctoal defect
prevents cytochrome c release in TNF-trea®etf™" cells. Taken together, these
results confirm the notion that R™"™' cells cytochrome c is not released in response

to hTNF, because no truncated Bid is generated.
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Figure 21.1n vitro analysis of cytochrome c release

(a) Cytosolic extracts from hTN&-treated wild-type but nd®™™' cells induce cytochrome c release
from mitochondrian vitro. Wild-type andRb™"™' cells were treated with hTNF/CHX for the indicated
times. Cytosolic extracts were prepared and inadatith mouse liver mitochondria for 45 min.
Mitochondria were pelleted by centrifugation angpesunatants and pellets analyzed for cytochrome c
by immunoblotting. B, buffer (b) Recombinant trutezh Bid (NC-Bid) can restore cytochrome c
release activity in cytosolic extracts from hTNEatedRb"'"™' cells. Wild-type andRb""™' cells were
treated with hTNF/CHX for 3 h in the presence & hdicated concentrations of NC-Bid and analyzed
for cytochrome c releasing activity as in (a). ijochondria fromRb™"™' mice release cytochrome ¢
in the presence of cytosolic extracts from hTéHeeated wild-type cells. Wild-type cells were e
with hTNF/CHX for the indicated times. Cytosolicteacts were incubated with mitochondria isolated
from wild-type (+/+ mito) oiR™"™' (MI/MI mito) mice. Cytochrome c release was anatyas in (a).
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2.25 TNF dosage effectsin Rb™™' cells

The analysis of mTNF-treate@®b™™' cells had shown thaRb™™' cells are
principally capable of cleaving Bid to induce mitochondria permeabibz (Figure
18b, c). Titration of TNF over a wide range of concentrations indichtgdapoptosis
could be triggered iRb™™' cells by high concentrations of TNF (Figure 22a). While
RO™' cells were resistant to 10 ng/ml hTNF, a ten-fold higher dodeced cell
death in almost 60% oRb™™' cells compared to nearly 80% in wild-type cells
(Figure 22a). This observation suggests that TNF concentratioegdsena the
number of ligated TNF receptors per cell, can qualitativebr élite cellular response
to TNF.

Upon ligand binding, TNF receptors are internalized by vesiclaateztl
endocytosis. Interestingly, the TNF-induced internalization of TNRRR& recently
shown to be a pre-requisite for the induction of apoptosis by TNF (Sieniachert
et al. 2004). Altered membrane dynamics at low temperatures allow biodimtyF
to its receptor, but prevent receptor internalization, thus leading to the actomafa
ligand-receptor complexes on the cell surface. When TNF-receapgering was
synchronized by this pre-loading of TNF receptors, the dose responsef@ul NF-
induced death at 3 was shifted to lower concentrations in both wild-type and
ROM™! cells (Figure 22b): for wild-type cells the death curve noweaaly nearly
reached a plateau at 10 ng/ml hTNFRbY'"™' cells, ca. 30 ng/ml hTNF were enough
to induce about 75% of the cell death level seen in wild-type dédissynchronized
triggering of pre-loaded receptors. Consistently, synchronized TN¢tRaton
induced effector caspase activity in both wild-type &mf'"™' cells (Figure 22c),
while ROM™' cell extracts had been devoid of caspase activity after tegatwith
low doses of hTNF (Figure 19a). Activation of caspase-3 by synchobriikd-R
triggering could also be detected in both wild-type &bd'"™' cells by substrate
affinity labeling. To this end, cell lysates were incubated Wibtin-z-VAD-fmk in
vitro. Active caspase-3 irreversibly binds to biotin-z-VAD-fmk and can be
precipitated with streptavidin-conjugated sepharose and detectedniynoblotting
(Figure 19d). Both assays indicated that effector caspase mctiimRb™™' cells by
synchronized TNFR-triggering did not reach wild-type levels.
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Figure 22. Mitochondria-mediated apoptosis is irmtlby synchronized activation of TNF receptors in
RoM"™! cells

(a) Protection from cell death is dose dependerRGi™' cells. Wild-type andRb™™' cells were
treated with the indicated doses of hTNF/CHX fori2dnd cell death was quantified by analysis of Pl
uptake. (b) Synchronized TNF receptor triggeringftsiTNF dose response curve. Cells were first
incubated with the indicated doses of hTNF/CHX & 4or 90 min, then shifted to 3C for 24 h. Cell
death was analyzed as in (a). (c, d) Synchroni2¢d feceptor triggering induces caspase activation i
RoM™' cells (c) Wild-type andRb™™' cells were pre-incubated with 33 ng/ml hTNF/CHX4&E for 90
min, then shifted to 3T for the indicated times. Caspase activity wassuesl with the fluorogenic
substrate assay described in Figure 5. (d) Wilé-gpdRb"™' cells were first incubated with 33 ng/ml
hTNF/ CHX at 4C for 90 min, then shifted to 3¢ for 5 h. Lysates were incubated with biotin-z-
VAD-fmk and biotin-labeled active caspase-3 wa<imitated with streptavidin-conjugated sepharose
and detected by immunoblotting. (e) SynchronizedFTigceptor triggering induces mitochondria-
dependent apoptosis in the presence of Rb-MI. @adle treated as in (d). Rb was immunoprecipitated
from whole cell lysates and detected by immunobiigttWhole cell lysates were analyzed for Bid,;
cytosolic extracts were analyzed for cytochromecyt €) and Smacl indicates an Rb fragment
resulting from an unknown cleavage event.
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Analysis of RoM™' cell lysates after high dose or synchronized TNF treatment
confirmed that death was induced via the mitochondria apoptosis pafFigaye

22d): truncated Bid was detected and Smac and cytochrome c appeatiee
cytosolic fraction. Importantly, after the same treatmentcin®b-MI protein could

be detected after immunoprecipitation from whole cell lysatgufei 22d). The
observation that apoptosis under this condition proceeded slowbMil{' cells than

in wild-type cells (Figure 19 and 22) is consistent with the notian induction of
apoptosis irRb™™! cells after high dose or synchronized TNF treatment was not due
to degradation of Rb-Ml, but proceeded despite an inhibitory effect of Rb-MI.

Taken together, these results suggested that the mitochondria apoptosis

Y™ cells

pathway, which is induced by hTNF in wild-type fibroblasts, is intad
and can induce cell death. However, the threshold for activation ofitbehondria
pathway in response to TNF was considerably highBb™ cells than in wild-type
cells. Thus, apoptosis 86M"™' cells required a stronger death stimulus. In the case of
TNF signaling, signal strength is apparently determined byntimaber of TNF
receptors triggered simultaneously on one cell. The crucial pmiractivation of the
mitochondrial apoptosis pathway Ro"'"™' cells seemed to be the induction of
caspase-8 mediated Bid cleavage.

To test, if caspase-8 activity was impaired in Rb-MI ¢dBsTDase activity
was measured in hTNF-treat& ™™ cell extracts using the fluorogenic substrate
Ac-IETD-AFC (Figure 23). Indeed, human TNF induced IETDase &gtiai wild-
type, but not inrRb""™' cells (Figure 23a). In contrast, mouse TNF induced IETDase
activity in cells of both genotypes. When cells were treatéld nigh doses of TNF
following a #C pre-incubation, hTNF-induced IETDase activity was observed in both
wild-type and ROM™' cells (Figure 23b). Thus, induction of IETDase activity
correlated with the generation of tBid and induction of caspaserdtydFigure
18b), suggesting that insufficient caspase-8 activation in hTNfett&M'"™' cells
prevents tBid-induced activation of the mitochondria apoptosis pathwely#s of
caspase-8 activation via affinity labeling proved unfeasible, tiady because the
concentration of active caspase-8 molecules was below the detkotibrof the

assay.
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Figure 23. IETDase activity in TNF-treated wild-gypndRb™"™' cells

(a) IETDase activity in TNF-treated wild-type aft"'"™' cells. Cells were incubated with 10 ng/ml
hTNF plus CHX. For each time point, equal amougrotein from whole cell lysates were incubated
with the fluorogenic caspase-8 substrate Ac-IETDEAfor 30 min and fluorescence intensity was
measured. The fold increase in IETDase activity determined compared to untreated control cells.
(b) Synchronized TNF receptor triggering inducespese-8 activation iRb™™' cells. Wild-type and
RoM™' cells were first incubated with 33 ng/ml hTNF plislX at £C for 90 min, then shifted to 3C

for the indicated times. For each time point, thiel increase in IETDase activity was determinethas

@)

2.2.6  Effect of caspase inhibition on TNF response in wild-type

and RbM™' cells

To complement the results of thevitro caspase activity assays, the effect of peptide
caspase inhibitors on TNF-induced cell daatkhivo was analyzed. Synthetic peptide
substrates function as irreversible inhibitors of caspase enzjthey are modified
with a fluoromethylketone (fmk) group. The fmk group forms a covabemid with
the reactive cysteine in the active site of the caspagepthaactivating the enzyme.
Members of the caspase family differ in their substrateepgates due to their
different affinity to specific tetra-peptide sequences (Thambet al. 2000).
Therefore, selected tetrapeptide substrates act as morssaosgecific inhibitors of
caspase family members (Stennicke and Salvesen 1999) and can heassss$ the
contribution of different caspases to an apoptotic response. The afffeaspase-8
inhibitor (z-IETD-fmk), caspase-2 inhibitor (z-VDVAD-fmk) and theoad-spectrum
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caspase inhibitor z-VAD-fmk (zVAD) on TNF-induced cell deatlshewn in Figure

24. All three inhibitors reduced the levels of hTNF-induced death ontypkl cells
(Figure 24a, +/+). zZVAD had the most pronounced effect, which is ¢ensisith its
ability to inhibit caspase-8, -9 and -3. zZVAD is a poor inhibitor @peae-2 in vivo
(Troy and Shelanski 2003). The combined application of caspase-2 inhibitor and
zVAD could reduce cell death levels more than zVAD alone, suggesd
contributing role for caspase-2 in TNF-induced cell death in these cells.

Surprisingly, caspase-8 inhibitor and z-VAD-fmk both sensitReY™' cells
to apoptosis induced by human TNF (Figure 24a, MI/MI). Caspase-2 inhibitor had no
effect alone, but seemed to increase cell death syneaflistwith zZVAD. Taken
together, these results indicate that both caspase-8 and caspasewolved in the
apoptosis response to TNF in wild-type cells. Under conditions of @8pas
inhibition, cell death in response to hTNF unexpectedly occurBblfi™' cells.
Treatment of cells with high dose of TNF followingC4 pre-incubation, did not
change the effect of caspase-8 inhibitor and zVAD in wild-type celigi{€i24b +/+).
SinceRb"™' cells are sensitive to high doses of hTNF, addition of caspasekitor
or zZVAD did not significantly increase cell death under these dondi{Figure 24b,
MI/MI).

To see, ifRO""™! cells, sensitized to hTNF/CHX treatment under conditions of
caspase-8 inhibition, die in the presence of intact Rb-MI protein &kiprlevels
after hnTNF/CHX and zVAD treatment were analyzed (Fig2#e). Rb-MI was stable
after hTNF/CHX treatment, irrespective of the addition of zVAEgure 24c,
MI/MI). Surprisingly, addition of zVAD could not prevent hTNF-induced cleavage of
wild-type Rb, but rather enhanced its degradation (Figure 24c, Hig.result is in
contrast to the ability of zZVAD to prevent Rb cleavageitro (Tan and Wang 1998),
and indicates that in addition to effector caspases other proteasagtivated by TNF
in vivo, which, at least under conditions of caspase inhibition, are resporwilites f
elimination of Rb. As a control for the caspase inhibitory eftéctVAD, levels of
cleaved Parp and Bid were analyzed in parallel. TNF-inducegageaof Parp and

Bid in wild-type cells was efficiently inhibited by zZVAD (Figure 24c#):/
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Figure 24. Effect of caspase inhibitors on TNF-iretliapoptosis

(a) Caspase inhibition has diverse effect on TNferired cell death in wild-type amb“"™' cells. Cells
were incubated with 10 ng/ml hTNF plus CHX and ithdicated caspase inhibitors (D, DMSO control;
8, z-IETD-fmk; 2, z-VDVAD-fmk; Z, z-VAD-fmk) for 16h and cell death was quantified by flow
cytometry analysis of propidium iodide (PI) uptakk) Synchronization of TNF receptor activation
does not change the effect of caspase inhibitiofilsR-induced cell death. Wild-type afb™'™' cells
were first incubated with 33 ng/ml hTNF plus CHXdathe indicated caspase inhibitors aC4or 90
min, then shifted to 37C for 16 h. Cell death wasalgzed as in (a). (c) Caspase inhibition prevents
TNF-induced cleavage of Parp and Bid but not Rbratiation. Wild-type andRb“"™' cells were
incubated as indicated with 10 ng/ml hTNF plus Cih or without z-VAD-fmk for 5 h. Rb was
immunoprecipitated from whole cell lysates and dietg by immunoblotting. Whole cell lysates were
analyzed for Parp and Bid. (d) Cleavage of Parp Ritbafter synchronized TNFR activation are
inhibited by z-VAD-fmk. Wild-type andRb™"™' cells were first incubated with 33 ng/ml hTNF plus
CHX with or without z-VAD-fmk at 4C for 90 min, and then shifted to €7 for 5 h. Whole cell
lysates were analyzed for Parp and Bid.
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Moreover, the absence of Parp and Bid cleavage in TNF/ZVAD tr&atdd" cells
(Figure 24c, MIMI) suggests that these cells do not die igcmondria-dependent
apoptosis. After treatment with apoptosis-inducing doses of TNF faltpvpire-
incubation, zVAD prevented cleavage of Parp and Bi&aH{"™' cells as well as in
wild-type cells (Figure 24 d). This inhibitory effect was notcasplete as after low
doses of TNF, most likely because caspase activity reached mgiclr Hevels.
Again, RoM"™' cells died after the combined treatment with hTNF/CHX and zVAD
while Parp and Bid cleavage were inhibited under these conditiongdFRidd, last
lane). Taken together, these results confirm the importancaspiase-8 activity for
TNF induced apoptosis in wild-type afb™"™' cells. Under conditions of caspase

inhibition, an alternative cell death pathway is activatebii™' cells.
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3 Discussion

Cellular proliferation and death are subject to intricate regulation atadéseels. The
commitment of a cell for replication, differentiation or apoptosighie integrated
response to multiple signals, which are received from the eellsonment or are
generated within the cell itself. One important mode of regwathe process of
apoptosis is transcriptional and post-translational control of pro- atm@poptotic
proteins by cell death and survival signaling pathways. In additioentresvidence
suggests that the apoptotic core machinery - the proteolytiasmggtivation cascade
- can be inherently controlled by the cleavage of effector caspdistrates (Chau and
Wang 2003). The expression of caspase-cleavage resistant vafiazggain key
caspase substrates, including RIP, IKK and the Retinoblastomanprbées been
shown to protect cells from efficient caspase activation duriathdeceptor-induced
apoptosis (Linet al. 1999; Tanget al. 2001; Chauet al. 2002), suggesting that
cleavage of these substrates regulates an important positive deddba in this
pathway (described in Figure 25).

A role for RB in the inhibition of apoptosis was first suggestedthoy
phenotype of Rb-deficient mice and is now supported by many linevidénce
(Harbour 2000; Chau and Wang 2003). Thus, the Rb protein has an intriguing dual
role in the control of cellular proliferation, as an inhibitor of both geowth and
death. While the pathway of RB-mediated cell cycle regulatiorbbas resolved, the
mechanism of apoptosis suppression by RB is not fully understood. Themepie
evidence that Rb suppresses apoptosis during embryonic development bilimgntr
E2F1-regulated apoptotic gene expression (&sal. 1998; Guoet al. 2001; Moroni
et al. 2001; Mulleret al. 2001; Simpsoret al. 2001). In contrast, the role of E2F-
dependent suppression of apoptosis genes by Rb in developmentally méture ce
remained unclear. Moreover, the fundamental question, whether the apoptosis
suppressing activity of RB generally depends on the regulationnef ggression or
if RB can act through a transcription-independent mechanism to iapitosis, has
not been resolved. Finally, it remains to be elucidated if and howrtvetlgand

apoptosis suppressing activities of RB can be separately regulated.
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Figure 25. Caspase-mediated amplification of atdesteptor-generated apoptosis signal

The activation of RIP and IKK by TNFR1 first acttea an NF«B-dependent survival pathway, which
promotes the expression of anti-apoptotic proteiilee [APs. RB inhibits mitochondria
permeabilization by an unknown mechanism. Recegttivated initiator caspases activate amplifier
caspases whose function is to inactivate regulgtosieins, such as RIP, IKK and RB. Inactivation of
these key substrates by caspase cleavage leadsptdiGation of caspase activity and eventually to
apoptotic cell death.
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3.1 Rb-MI-dependent suppression of apoptosis in RpMM!
fibroblasts

In this study the mechanism of apoptosis suppression by caspasanteRb (Rb-MI)
was investigated in fibroblasts derived fréh""™' “knock-in” mice. In these cells,
mutation of the conserved C-terminal caspase cleavage site f@ev&b-Ml
degradation in response to TNFR1 activation and specifically prdteetés from
TFNR1-induced apoptosis, indicating that Rb degradation is required\ieRT to
activate apoptosis (Chaat al. 2002) and this work). Interestingly, Rb-MI was not
protected from degradation after simultaneous activation of TNFR1 ER&RZ and
the loss of Rb-MI correlated with normal sensitivity to apoptasisesponse to this
stimulus. This phenotype provided an internal control for the identdicaf Rb-MI-
dependent changes in the apoptosis resporRe“8t" cells.

Significantly, in this model system, the growth suppressing &ctofi RB
could be separated from the suppression of apoptosis: while cédl grogression
was unaffected irRbM"™' fibroblasts, the presence of Rb-MI protected these cells
from TNFR1-induced cell death. Thus, Rb-MI can at the same tinreabsve as an
inhibitor of cell cycle progression and active as an inhibitor of asogtsuggesting
that these are independent activities, which may be regulaté@tmct mechanisms.
Further indication for a separate regulation of RB’s apoptosis sgnpyesinction is
provided by the spectrum of mutations in the RB pathway that arel imuhuman
malignancies. Genes involved in the RB-dependent growth supprestaapasuch
as pl6(INK4a) and cyclin D1 are frequently mutated in human cancers, while
mutations inRB itself are rare (Sherr 1996). Intriguingly, in some tumors BB i
expressed at a very high level and is at the same time irtadtibby constitutive
hyperphosphorylation. This suggests that the presence of RB confelgctive
advantage during tumor development, if its growth suppressing functiomexd of.
This advantage may be the suppression of apoptosis, which might baveble
retained via site-specific phosphorylation.

Assuming a separation of apoptosis and cell cycle regulation hytwRB
possible mechanisms can be distinguished through which RB could aarmys
opposing functions independently 1) RB might be able to specifically ssppsdl
cycle genes or apoptosis related genes via differential amti@pecific promoters; or

alternatively, 2) apoptosis suppression by RB might be independent from
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transcriptional regulation. To distinguish between these posstiliiemicroarray
analysis of TNF-treate®b™"™' cells was conducted. Changes in the expression of
apoptosis-related genes were compared after stimulation oRTNy human TNF
(associated with intact Rb-MI and cell survival) and stimulatiof dFR1 and 2 by
murine TNF (leading to degradation of Rb-MI and cell death). Tbmprehensive
analysis of TNF-induced changes in gene expression gave no indiéatidhe
suppression of pro-apoptotic genes by Rb-MI. The same set of apaptatesl genes
was induced by TNF in cells that maintained active Rb-Ml,iartHose in which Rb-

MI was inactivated upon TNF treatment (Figure 17). This resggessts, that Rb-
dependent changes in gene expression cannot account for the proted@afi"df

cells from TNF-induced apoptosis.

3.2 Post-transcriptional suppression of mitochondri al
apoptosis by Rb-MI

The normal gene expression profile of TNF-resistiff”™' cells indicated that RB
can function as a post-transcriptional regulator of apoptosis. To fidgrussible
execution points for the anti-apoptotic activity of Rb-MI, a stepwisalysis of TNF-
induced activation of the mitochondrial apoptosis pathway was conduck'{H{'
cells. The analysis of caspase-3 processing and caspase-Progpase activity
showed thaRb™™' cells were deficient in effector caspase activation afi¢FR1
stimulation by human TNF (hTNF). This defect correlated with ahsence of
mitochondria permeabilization, since neither cytochrome c¢ nor Sroatd de
detected in the cytosol of hTNF-treatBd"'"™' cells. Thus, in these cells, TNFR1-
induced activation of effector caspases depended on cytochromeaserdiom the
mitochondria and apoptosome-formation. The requirement for mitochondria
permeabilization in death receptor induced apoptosis has been reportedgyefar
a number of cell types classified as “type Il cells” basedhis phenotype (Scaffidt
al. 1998). Mitochondria-mediated caspase activation by death receptackieved
via cleavage of Bid by caspase-8 @ial. 1998; Luoet al. 1998). The resulting
truncated Bid, known as tBid, translocates to the mitochondrial memiaere it
initiates changes in membrane permeability via interactioth \BAX or BAK
(Desagheet al. 1999; Weiet al. 2001).

In correlation with the absence of cytochrome ¢ and Smaaselé&rom
mitochondria, no tBid could be detected in hTNF-tre@®ld"™' cells. Consistently,
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cytosolic extracts from these cells were devoid of cytochromedeasing activity in
an in vitro assay. Complementation of non-release-inducing extracts fron-hTN
treatedROM"™' cells with recombinant cleaved Bid was sufficient to confemabr
cytochrome c release activity, indicating that the suscepfittib BH3 protein-
induced changes in membrane permeability is not alter&b'fH""' cells. Thus, the
expression of Rb-MI does not seem to affect the ratio of BAX/Broteins and
BCL-2 proteins. Moreover, the capability of recombinant cleaved tBidnduce
cytochrome ¢ release from mitochondria isolated fiis{"™' mice, confirmed that
the defect in the TNF responseRE"™' cells does not lie within the mitochondria.
Taken together, these results are consistent with the notion tipairech tBid
generation was responsible for cytochrome c release deficiand absence of
mitochondria-mediated apoptosis in hTNF-tred@bl'™' cells.

Impaired tBid generation, in turn, may be the result from insufficient cagpase-
activation. Indeed, in an enzymatic assay, caspase-8 like prate@gey could be
detected in hTNF-treated wild-type, but iif""™' cells. However, even in wild-type
cells, levels of active caspase-8 were too low to be detecteah biwo affinity
labeling, which prevented a direct comparison of caspaseawstyaat wild-type and
ROM'™! cells. Thus, the possibility of impaired caspase-8 activatioRb"'™' cells
awaits further proof. Interestinglygb™™' cells remain sensitive to DNA damage-
induced apoptosis, although the Rb-MI protein is maintained in this camd@hau
et al. 2002). This suggests that Rb-MI does not generally block the mitochbndri
apoptosis pathway. Rather, the inhibition of mitochondria-dependent apsgeesis
to be a signal dependent effect, impeding, for instance, the TNFR1 signalingyathwa

Taken together, the results of the present study are consigtierthe notion
that Rb-MI inhibits an early, signal-specific step in mitochondreiated caspase
activation. It had previously been shown that simultaneous stimulation of both TNFR1
and TNFR2 by murine TNF (mTNF) induced cleavage and degradatitve &tb-MI
protein and death oRO™™' cells (Chauet al. 2002). In this work, previous
observations could be extended to support the notion that after degrada®broof
Rb-MI, death of both wild-type an&™™' cells is mediated by activation of the
mitochondria apoptosis pathway. Stimulation of both TNFR1 and TNFR2 byFmTN
induced cleavage of Bid, the release of cytochrome ¢ and Smac tirem
mitochondria, and caspase activity. Thus, the inhibition of the mitochcaoliatosis

pathway inRb™"™' cells is relieved by the loss of Rb-MI (Table 2). This observation
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+/+ MI/MI
Rb tBid death | Rb-MI | tBid death
hTNF low - + + + - -
hTNF high - + + + + +
hTNF low + zVAD - - - + - +
hTNF high + zVAD | ND (-) - - ND (+) - +
MTNF - + + - + +

Table 2. Summary of the effects of different TNEatment conditions in wild-type angb™"™
fibroblasts (-, degraded/not observed; +, intacéotred, ND, not determined)

confirms that the inhibition depends on the presence of Rb-MI and thusouilése
possibility that genetic changes were selected during thablissiment of
immortalized 3T3RL™™! cell lines that prevent activation of mitochondrial apoptosis
by TNF.

Which segment of the mitochondria apoptosis pathway is affectébivl
could be further defined by the observation that the resistan&'t" cells to
TNFR1-induced apoptosis is not absolute, but depends on the strengtistorhtiias,

i.e. the dose and application scheme of TNF. Accumulation and simultaneous
activation of pre-loaded TNFR1 receptor complexes was shown iatactthe
mitochondria apoptosis pathway Rb"'"™' cells (Table 2, hTNF high). This occurred
without cleavage or degradation of Rb-MI. Thus, even the signal-degent#aition

of TNFR1-induced apoptosis iRb™™' cells can be overcome without eliminating
Rb-MI. In addition, TNFR1-induced activation of NdB and Jun/AP-1 signaling
pathways was unimpaired Ro™™' cells. These results indicate that the initial signal
transduction by activated TNFR1 is not impaired RO™™' cells. TNFR1 is
principally capable of inducing mitochondria-mediated apop®siE™ cells, but the
threshold for mitochondria-dependent caspase activation in response is figker
than in wild-type cells.

Taken together, the results from this study place the Rb-MI senstep of
TNF-induced apoptosis between the formation of a TNF receptorlisigreamplex
and caspase-8 mediated cleavage of the BH3-only protein BidréF2$). Rb-Mi

seems to constitute a roadblock in the pathway for TNFR1-induced apoptosi
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activation that can be removed by either inactivating Rb-MI dwasg combined
TNFR1 and TNFR2 signaling — or bypassing Rb-MI — as duringhsgnized TNFR1
triggering - (Table 2).

3.2.1 Role of nucleo-cytoplasmic signaling during T NF-induced
apoptosis

While survival gene expression has been shown to have a major impdeatn
receptor induced cells death, the regulation of death receptor thadypogptosis by
nuclear signaling events that are independent from the regulatigenef expression
may be unexpected. How Rb-MI in particular can interfere withirthi@tion of the
mitochondria apoptosis pathway by the TNF receptor is not obvious. Howesent
studies of apoptosis induction by TNFR1 revealed a multi-step patthaaygan be
subject to manifold modulation: caspase-8 activation by TNFR1 does ot atcthe
plasma membrane-associated DISC, but in a cytoplasmic comgrieed complex |l
(Micheau and Tschopp 2003). This complex forms only after a TRADBebas
complex dissociates from the receptor and recruits FADD inyfoplasm. FADD in
turn recruits pro-caspase-8 to the complex, thus initiating caspaseiantivat

Moreover, TNF-induced apoptosis induction has recently been shown to
require internalization of ligand-bound TNFR1 (Schneider-Bractet 2004). The
same study indicated that caspase-8 and FADD associate witacéyor within a
few minutes (Schneider-Brachettal. 2004). Since this interaction was not detected
by two similar studies (Harpeet al. 2003; Micheau and Tschopp 2003) it is
presumably transient or instable and may thus be insufficient $pasa-8 activation.
The internalized TNF receptor is sorted into vesicles and eagnttargeted for
degradation in lysosomes (Schneider-BracHeat. 2004). Thus, caspase-8 activation
in a cytoplasmic complex, separated from the receptor mighteprecaspase-
activating complexes from sharing the fate of receptors targeteddiadizion.

In summary, the activation of caspase-8 is uncoupled from recsgteation
in a both spatial and temporal sense. Caspase activation and apaptosptional
downstream events that seem to require post-translational madifcatf death
domain adaptor proteins (Micheau and Tschopp 2003). Thus, several steps required
for TNF-induced caspase-8 activation might be subject to regulagid®bkMI. For
example, Rb-MI might sequester adaptor proteins like FADD imtloéeus, thereby
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limiting their availability for complex formation and impeding thecruitment of
caspase-8 to an activating signaling complex. Interestingliz, B&DD and TRADD
have been shown to shuttle between nucleus and cytosol (Meirgla2002; Gomez-
Angelats and Cidlowski 2003; Screatetnal. 2003). Other steps that may be subject
to control by Rb-MI are the sorting of internalized TNFR1 comggeto vesicles
and the dissociation of adaptor proteins from the receptor (FigureRBeVII may
inhibit enzymes responsible for post-translational modification optadaproteins
involved in these processes, thereby regulating their localizatiomodulating their
activity. Alternatively, Rb-MI might prevent interaction of activaspase-8 with Bid
by controlling Bid localization or accessibility. Full-lengtHCBhas recently been
reported to be associated with endosomal compartments in non-apaibsic
suggesting a non-random distribution of the protein (Heiretich. 2004). Consistent
with a transcription-independent function, RB has been shown to intertctawi
plethora of different cellular proteins (Morris and Dyson 2001) ancegulate the
activity of several kinases that are involved in apoptosis regulaiarh as c-Abl
(Wang 2000; Chaset al. 2004).

In summary, the detailed analysis of apoptosis suppressiofRbH™
fibroblast revealed a previously unrecognized function of RB astarnposcriptional
regulator of caspase activation and apoptosis. The data suggdst Rb¥t™ cells,
mitochondria permeabilization during TNF-induced apoptosis signaliggires
accumulation of caspase-8 activity or tBid levels, which is itdibiby Rb-MI.
Presumably, once the critical level of caspase-8 activityeaved Bid is reached, the
presence of Rb-MI does no longer interfere with the progressi@apaytosis. This
notion is consistent with the observation thab“"™' cells do not activate
mitochondrial apoptosis in response to TNF as readily as wild-tgfie, dut are
capable of activating this pathway in response to high level$N&R1 activity. The
precise mechanism by which Rb interferes with caspase-8 dandiiring TNF

signaling remains to be elucidated.
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Figure 26. TNFR1 activation of apoptosis is a msiiéip process that requires internalization ofriya
receptor complexes. RB presumably suppresses Tilie@d apoptosis by inhibiting one of several
steps leading to TNFR1-induced caspase-8 activationBid cleavage.

3.2.2 Caspase-independent cell death in TNF treated  RbM™

fibroblasts

Consistent with the pivotal role of caspase-8 for TNFR1-induced @gieptTNF-
induced cell death of wild-type cells was sensitive to inhibition of caspase-8 and broad
spectrum caspase inhibition by synthetic caspase inhibitors. Uned|yecnhibition

of caspases sensitiz&""™' fibroblasts to TNFR1-induced cell death (Table 2). The
absence of Bid cleavage during this response suggested that undeiorsnolit

caspase inhibition an alternative cell death pathway is triggeredNF-treated
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ROM'™! cells. Caspase activity has been shown to counteract the iactigétnon-

apoptosis cell death pathways (Lemagteal. 1998; Loset al. 2002). Accordingly,

inhibition of caspase activity promotes caspase-independent ctil geghways like

necrosis or apoptosis-like programmed cell death. Surprisingly, thatamt of a

caspase-independent pathway was specifietld™' cells, since in wild-type cells,
the inhibition of caspases protected cells from death. Moreover, tivatan of a

caspase-independent death pathway in response to hTNF, apparenthbin dbat

absence of Bid cleavage, correlated with the presence of Rb-MI (Table 2)

In summary, preliminary data suggest that Rb-MI may fa@litae activation of a
caspase-independent cell death pathway and that this effect Imeightked to the
suppression of caspase-activity by Rb-MI. Further studies willeleeled to shed light

on this aspect of Rb-MI function.

3.3 Constitutively active RB variants have contrast ing
effects on the apoptotic response to different stim uli

For the cellular response to TNF, the suppression of apoptosis coslepamted
from the growth suppressing activity of Rb (this work). On the rotiend, the
observation that cells arrested in G1/S are less sensitival tdeath in response to
several stimuli (Meikrantz and Schlegel 1995) and the regulatigorasfpoptotic
genes by the E2F family of transcription factors (Muéeal. 2001) suggested that
Rb-E2F-dependent cell cycle arrest may be associated wetuaed sensitivity to
apoptosis. Consistently, RB had been reported to promote cell cyese and inhibit
apoptosis in response to DNA damage (Knudaeal. 2000). Thus, the question
remained whether apoptosis and growth suppression by Rb are gemelgtiendent
activities in developmentally mature cells and how both functionstétfie apoptotic
response to different death stimuli. To shed light on this question, Rintgawith
constitutive growth suppressor function, resistance to caspasesge, or both, were
analyzed in this work for their capacity to protect cellenfrdifferent apoptotic

stimuli.
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3.3.1 Effect of PSM-RB induced growth arrest on apo  ptosis

The induction of cell cycle arrest by growth-suppressing RBamtgihad contrasting
effects on cellular apoptosis responses (summarized in Figure &i§.a@ested in

G1 by CDK phosphorylation-resistant RB variants (PSM-RB and R8MMI) did

not activate effector caspases as efficiently as prdiifgracells in response to the
DNA damaging agent doxorubicin (Figure 27a). PSM-RB expressioibiied the
activation of caspase-3, but, although E2F binding sites are presémet gadpase-3
promoter (Muller et al. 2001), PSM-RB did not interfere with pro-caspase-3
production. Thus, PSM-RB-dependent inhibition of caspase activation may be
achieved either through the repression of other E2F-regulated apgptigms, or
alternatively, by a transcription-independent mechanism. The exgressWT-RB

and RB-MI did not cause G1 arrest and did not affect doxorubicin-indasshse
activation. However, inhibition of doxorubicin-induced caspase activation was
observed in serum-starved Rat-16 cells. These results are iemegre with the
conclusion that G1 arrest, triggered by phosphorylation-resistant RBwth factor
deprivation is protective against DNA-damage-induced apoptosis.

Despite the activation of caspases, doxorubicin-induced DNA damagetdid
induce acute cell death in Rat-16 cells, but caused the loss of abnegevival by
the induction of permanent growth arrest. The reduction of clonogenitvauwas
unaffected by prior induction of PSM-RB variants, showing that RB-depénde
growth arrest did not prevent the establishment of irrevergiioleth arrest by DNA
damage. Similar to DNA damage, broad-spectrum kinase inhibitistaoyosporine
has been shown to induce either growth arrest or apoptosis throughdbbandria-
dependent intrinsic pathway (l& al. 2000). Staurosporine-induced G1 arrest was
shown to depend on Rb activity (Schnatral. 1996; Orret al. 1998; Cheret al.
2000), implying that the induction of G1 arrest by PSM-RB variantghtrender
cells less susceptible to staurosporine-induced cell death. However, theondadcti
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Figure 25. Constitutively active RB variants haventtasting effects on different cellular stress
responses.

(a) Doxorubicin primarily induces growth arresttlaiso causes caspase activation in Rat-16 cells.
PSM-RB and PSM-RB-MI inhibit doxorubicin-inducedspase activation. (b) Staurosporine induces
rapid apoptosis in Rat-16 cells, irrespective oMPSB induced growth arrest. PSM-RB and PSM-RB-
MI are efficiently degraded during staurosporindticed apoptosis. (c) Overproduction of PSM-RB
and PSM-MI-RB augments TNF-induced apoptosis inEatells, possibly by causing a replication
stress response.
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PSM-RB-induced growth arrest did not protect Rat-16 cells from agparine-
induced apoptosis (Figure 27b). In contrast to its effect on the DNAgnesponse,
growth arrest induced by PSM-RB variants did not prevent caspetivation in
response to staurosporine. These observations suggest that the cellular siutyceptibil

apoptosis does not generally depend on the cells capacity to establish grostth arre

3.3.2 Cell-cycle independent effects on apoptosis b vy

overexpression of RB variants

TNF can induce TNFR1-dependent apoptosis (Micheau and Tschopp 2003;
Schneider-Brachesdt al. 2004) and caspase-independent necrotic death, mediated by
oxidative stress (Lost al. 2002; Cauwelst al. 2003). In Rat-16 cells, TNF/CHX
treatment resulted in necrotic cell death, which was not preventeBShJ-RB
induced growth arrest. Surprisingly, induced expression of PSM-RBantsr
sensitized Rat-16 cells to TNF-induced caspase activationpapdosis (Figure 27c).
Unlike the inhibition of DNA-damage induced caspase activation, thsitizéng
effect of PSM-RB expression occurred prior to the induction of Gdr®@st.
Consistently, the PSM mutation was not required for sensitizatidaresiingly,
synchronization of Rat-16 cells in quiescence by serum starvation also ehhi&ice
induced apoptosis, which was probably an effect of survival factor limitation.
Induction of PSM-RB variants had no additive effect on the apoptosis
sensitivity of serum-starved cells, indicating, that RB-dependappression of
survival gene expression might be responsible for the sensitizatibNRanduced
apoptosis. Alternatively, interference with replication fork movementunction
previously described for PSM-RB (Sever-Chronabsal. 2001), might cause a
replication stress response that enhanced the susceptibilitgdooad stress signal
(Figure 27c). This notion was supported by the observation that apmeicdliced
S-phase arrest augmented TNF-induced apoptotic DNA fragmentatiReti16 cells,
which is consistent with a previous report that aphidicolin sensitiz@29
fiborosarcoma cells to TNF-induced apoptosis (Getraal. 1993). In either case,
sensitization to TNF-induced apoptosis by RB may be an effecisthatique to the
non-physiological conditions of induced RB expression and may thus resttrafin

vivo function of RB.
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In contrast to observations in many other cell types, neither dogoruior
TNF caused significant RB degradation in Rat-16 cells. A miraatibn of wild-type
and PSM-RB proteins was cleaved at the C-terminal caspasgusihg doxorubicin
treatment, but overall levels of all RB variants were neargffected, which is
consistent with the induction of growth arrest and the absence of apoptosis under these
conditions. Accordingly, mutation of the caspase cleavage site dalteothe effect
of RB variants on the cells response to doxorubicin. Likewise, caspsistant RB
variants had no specific effect on the TNF response in Rat-1€ ted extent of
sensitization to TNF induced apoptosis was comparable betweerRBSMd PSM-
RB-MI variants.

The absence of RB degradation during DNA damage and TNF stiomutid
not reflect a general incapacity of Rat-16 cells to degradeTRB was evident by the
rapid caspase cleavage and degradation of PSM-RB variants in mespons
staurosporine, which correlated with high levels of caspase acamiyapoptosis.
Mutation of the C-terminal cleavage site did not protect from et@arine-induced
apoptosis and was not sufficient to prevent PSM-RB degradation under thes
conditions. Cleavage of RB at additional sites has been previouslywetsduring
etoposide and TNF-induced apoptosis (Fatteteed. 2001; Chatet al. 2002). These
signal-specific differences in RB degradation may be due tondext-dependent
activation of a different spectrum of apoptotic proteases. The Miation has
previously been shown to preserve Rb, but offer no protection during d2iN#age-
induced apoptosis (Chaet al. 2002). Thus, C-terminal caspase cleavage is not
required during staurosporine-induced apoptosis, either, because of aduivale
cleavage at other sites, or because RB cleavage is a bystdfiede in staurosporine
and DNA damage-induced apoptosis pathways. Taken together, these sbsw
that RB-dependent cell cycle arrest is not generally adsdcwith resistance against
apoptosis. In Rat-16 cell, PSM-RB induced G1/S arrest could inhibit D&Aage-
induced caspase activation, but did not affect caspase activaticgsponse to
staurosporine. RB expression sensitized Rat-16 cells to TNF-indyoagotoais
independent from the induction of cell cycle arrest, this was pgsaibleffect of
unphysiologically high RB expression levels after RB induction in these cells
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4 Summary

The retinoblastoma tumor suppressor protein (RB) is a criticala®r of cell
proliferation capable of inhibiting both cell cycle progression and apoptosis. Waile
pathway of RB-mediated cell cycle regulation has been resolvednéchanism of
apoptosis suppression by Rb remained largely elusive. RB is inadtibgt€DK-
dependent phosphorylation in response to mitogenic signals and by cagpesdedée
degradation during apoptotic cell death. Phosphorylation-resistant PSM-RB
(phosphorylation site-mutated RB) is a strong inhibitor of proliferation, while caspase-
resistant RB-MIRB mutated at | CE site) can protect cells from apoptosis.

In the present work, the regulation apoptosis by RB was amhlyzéwo
experimental systems: (I.) in Rat fibroblast cell lines hanigoinducible expression
of inactivation-resistant RB variants (phosphorylation resistaiM-RB, caspase-
resistant RB-MI and PSM-RB-MI, in which both mutations were contin@l.) in
fibroblasts derived from transgeri®™"™' mice expressing caspase-resistant Rb-MI.
Inducible expression of RB and inactivation-resistant RB varian®ai fibroblasts
had diverse effects on the cellular response to differentieath stimuli. RB-induced
cell cycle arrest had an anti-apoptotic effect on DNA damagponse, but did not
affect staurosporine-induced apoptosis, indicating that RB-inducedrr@€st & not
generally associated with apoptosis-resistance. RB expressisitized Rat-16 cells
to TNF-induced apoptosis independent from the induction of cell cyckstarr
possibly as an effect of unphysiologically high RB expression deafier RB
induction in these cells. These results indicate signal-spedfezatices in apoptosis
regulation by RB. For TNF-induced apoptosis of mouse fibroblastsapogtosis
suppressing activity of Rb-MI could be separated from its growth suppressivitya
which implies an independent regulation of RB’s two major functions. DNA
Microarray analysis of TNF-induced gene expressionRbY"™' cells gave no
indication for the suppression of pro-apoptotic gene expression by RONH.
observation implies that RB can function as a post-transcriptiegulator of
apoptosis. The detailed analysis of the TNF-induced mitochondrial apopabisigay
in ROM™' cells suggested that Rb-MI inhibits cleavage of the BH3-only prd
by inhibiting either caspase-8 activation or interaction of caspasnd Bid. These
results revealed a previously unrecognized role of RB as atrpastriptional

regulator of caspase activation and apoptosis.
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Zusammenfassung

Dem Retinoblastoma Tumor Suppressor Protein (RB) kommt eine zeRipde bei
der Regulation zelluléarer Proliferation zu, da es sowohl Zeitigilals auch Zelltod
durch Apoptose inhibieren kann. Wahrend der Signalweg der RB-verarittelt
Zellzyklus-Regulation erforscht ist, blieb der Mechanismus zur rdrnitekung von
Apoptose durch RB weitgehend ungeklart. RB wird unter Einfluss von
Wachstumsfaktoren durch CDK-abh&ngige Phosphorylierung inaktiviert imnd
Verlauf von Apoptose von Caspasen proteolytisch gespalten. Phosphorgierung
resistentes PSM-RBphosphorylation siteemutated RB) hemmt die Zellteilung;
Caspase-resistentes RB-NRE mutated at | CE site) kann Zellen vor TNF-induzierter
Apoptose schitzen.

In dieser Arbeit wurde die Regulation von Apoptose durch RB in zwei
experimentellen Systemen analysiert:

l. in Ratten-Fibroblasten-Zellen mit induzierbarer Expression
inaktivierungsresistenter RB-Varianten ( PSM-RB, RB-MI usiMPRB-MI, in
dem beide Mutationen kombiniert wurden);

Il. in Fibroblasten-Zellen, die aus transgeni@p"™'-Mausen isoliert wurden,
welche Caspase-resistentes Rb-MI exprimieren.

Die induzierte Expression von RB und inaktivierungsresistenten RB#\tan in
Ratten-Fibroblasten-Zellen hatte einen unterschiedlichen Einfufsdi@ zellularen
Reaktionen auf verschiedene Apoptose-Stimuli. RB-induzierter Zellzpdest
hatte einen anti-apoptotischen Effekt auf die zellulare AntwortDaWA-Schéaden,
aber keinen Einfluss auf Staurosporin-induzierte Apoptose, was dahfiefien lasst,
dass RB-induzierter G1-Arrest nicht grundsatzlich mit einédlgen Apoptose-
Resistenz verbunden ist. Die induzierte Expression von RB und RB-\&riaritohte
die Sensitivitdt der Ratten-Fibroblasten-Zellen fur TNF-induziégpoptose, dieser
Effekt ist moglicherweise auf die nach RB-Induktion unphysioldgitiohe RB-
Konzentration in den Zellen zurickzufiihren. Diese Ergebnisse weisesigsai-
spezifische Unterschiede in der RB-abhangigen Apoptose-Regulation hin.

Fur TNF-stimulierte Apoptose in Maus-Fibroblasten konnte eine Trgnden
anti-apoptotischen Aktivitat des Rb-MI-Proteins von seiner wachstunmbaeden
Aktivitat nachgewiesen werden, was auf unabhangige Regulation ddenbe

Hauptfunktionen von RB schlieRen lasst. Eine DNA-Mikroarray-Analy$é&—-T
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induzierter Genexpression Rb"™'-Zellen ergab keinen Hinweis auf eine negative
Regulation pro-apoptotischer Gene durch Rb-MI. Diese Beobachtungeliesiten,

dass RB Apoptose auf post-transkriptionaler Ebene regulieren kaardetillierte
Analyse des TNF-induzierten mitochondrialen Apoptose-SignalweRs"f"-zellen
deutete darauf hin, dass Rb-MI die proteolytische Spaltung des Bi&#2r Bid
verhindert, entweder durch Inhibierung der Aktivierung von Caspase-8dodein
Verhinderung der Interaktion von Caspase-8 und Bid. Diese Ergebressiizebrten

einen zuvor unbekannten, post-transkriptionalen Mechanismus fir die negative

Regulation von Caspase-Aktivierung und Apoptose durch RB.
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5 Materials and Methods

5.1 Abbreviations and Symbols

5.1.1 Abbreviations

APS ammonium persulfate

aa amino acid

ATP adenosine 5'-triphosphate

bp base pairs

B-ME -mercaptoethanol

BrdU bromodeoxyuridine

BSA bovine serum albumin

dH,O/ddH0O distilled/double distilled water

cDNA complementary DNA

CHAPS 3f(3-cholamidopropyl)-dimethylammorjid.-propanesulfonate
DEPC diethylpyrocarbonate

DOX doxorubicine

DNA deoxyribonucleic acid

DNase deoxyribonuclease

dATP deoxyadenosine 5’-triphosphate
dGTP deoxyguanosine 5'-triphosphate
dNTP deoxynuclueotide 5’-triphosphate
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethylsulfoxide

DTT 1,4-dithiothreitol

ECL enhanced chemoluminiscence

E. coli Escherichia coli

EDTA ethylenediaminetetraacetate

EGTA ethyleneglycol-bisg-aminomethylether)-tetraacetate
FACS fluorescence-activated cell sorting
FITC fluorescein

FBS fetal bovine serum

f.c. final concentration

fmk fluoromethylketone

HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
Hyg hygromycin

HRP horseradish peroxidase

B immunoblotting

IP immunoprecipitation

IGF-1 insulin-like growth factor 1
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VT
kDa
LB

MCS
MES
MWCO
oD

PA
PAGE
PBS
PCR
pH
PIPES
PFA
PMSF
PVDF
RIPA
RNA
RNase
rRNA
RT
SAPE

SDS
STS

TE

TBE
TBS
TEMED
TET
TNF
Tris
rpm

uv
vol
viv
wiv

in vitro transcription
kilodalton
Luria Bertani
molar
multiple cloning site
morpholineethanesulfonic acid
molecular weight cut off
optical density
polyacrylamide
polyacrylamide-gel electrophoresis
phosphate-buffered saline
polymerase chain reaction
negative decadic logarithm of kbn concentration
piperazine-1,4-bis-(2-ethanesulfonic acid)
paraformaldehyde
phenylmethylsulfonylfluorid
polyvinylidenfluorid
radio-immuno-precipitation assay
ribonucleic acid
ribonuclease
ribosomal RNA
room temperature
Streptavidin phycoerythrin
Svedberg
sodium dodecyl sulfate
staurosporine
Tris-EDTA
Tris-borate-EDTA
Tris-buffered saline
N,N,N‘,N‘-tetramethylethylendiamine
tetracycline
tumor necrosis factar
tris-(hydroxymethyl)-aminomethane
revolutions per minute
enzyme activity unit
ultraviolett
volume
volume per volume
weight per volume
benzyloxycarbonyl-
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5.1.2
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Amino acid symbols

Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu
Met
Asn
Pro
GIn
Arg
Ser
Thr
Val
Trp
Tyr

Alanine
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan

Tyrosine

Prefixes for measurement units

kilo-
milli-
micro-
nano-

pico-

10°
10°
10
18
10'
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5.2 Materials

5.2.1 Bacteria strains

E. coli XL-1 Blue (Stratagene)

5.2.2 Bacterial culture media and solutions

Ampicillin stock solution: 50 mg/ml ampicillin in i

sterile filtered, stored at -2G

LB medium: 1% wiv Bacto tryptone
0.5% wi/v Bacto yeast extract
170 mM NaCl

LB plates: LB medium + 1.5% agarose

5.2.3 Plasmids and Plasmid constructs

pTK-Hyg (BD Bioscience)
pTRE (BD Bioscience)
pTRE-based expression plasmids, obtained by subcloning of the following sequences
into the pTRE vector via the BamH1 restriction site:
PpTRE-WT-RB: human RB cDNA
pPpTRE-RB-MI: RB-MI, described in (Chaat al. 2002)
pTRE-PSM-RB: PSM-RB, described in (Knudsen and Wang 1997)
pTRE-PSM-RB-MI: PSM-RB-MI, which was generated by dohing a
sequence containing the RB-MI mutation into pTRE-
PSM-RB.

5.2.4 Cell culture media and solutions

DMEM, high glucose, formulated with sodium pyruvate and L-glutamine (HyCult)
FBS, heat inactivated (HyCult)

G418, Hygromycin, Penicillin/streptomycin (Gibco)

IGF-1 (Sigma)

TET-free FBS, heat inactivated (HyCult)

Trypsin-EDTA solution (Gibco)

78



Materials and Methods

5.25 Buffers and solutions

5.2.5.1 Cell lysis and fractionation buffers

HEPES buffer: 10 mM HEPES-KOH, pH 7.5
10 mM KCI
1.5mM MgC}
1mM EDTA
1mM EGTA
HEPES saline: 10 mM HEPES-KOH, pH 7.5

150 mM NacCl

Hypotonic lysis buffer: 20 mM HEPES-KOH, pH 7.2
10 mM KCI
1.5 mM MgCh
1mM EDTA

1mM EGTA

Mannitol/sucrose buffer I: 210 mM mannitol
70 mM sucrose
10 mM HEPES, pH 7.5
1mM EDTA

0.45 % BSA

Mannitol/sucrose buffer 1l: 210 mM mannitol
70 mM sucrose
10 mM HEPES, pH 7.5
0.5 mM EDTA
+ protease inhibitors

Mannitol/sucrose buffer lll: 210 mM mannitol
70 mM sucrose
10 mM HEPES-KOH, pH 7.4
5mM NaHPO,

4 mM MgCh
0.5 mM EGTA
1 mM DTT
+ protease inhibitors
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20 mM
420 mM

25 %
1.5 mM
0.2 mM

Nuclear extract buffer:

PIPES/CHAPS buffer 20 mM
0.1%

100 mM
10 %

2 mM
5mM
RIPA buffer: 50 mM
150 mM

1%
0.25%
0.1%
0.5 mM
1mM

1mM

HEPES-KOH, pH 7.2
NaCl
glycerol
MgC}h
EDTA

PIPES, pH 7.2,
CHAPS
NaCl
sucrose
EDTA
DTT

Tris-HCI, pH 7.4
NaCl

NP-40 (Igepal)
sodium deoxycholate
SDS

EDTA

EGTA

DTT

+ protease inhibitors

5.2.5.2 Plasmid DNA isolation buffers

Solution A (re-suspension): 50 mM
10 mM
100 pg/mi
Solution B (lysis): 0.2M
1%

Solution C (neutralization): 1.32 M

80 mM
8.3 mM

40 uM

55 %

Column wash solution:

Tris-HCI, pH 7.5
EDTA
RNase A

NaOH
SDS

potassium acetate, pH 4.8

potassium acetate
Tris-HCI, pH 7.5
EDTA
ethanol
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5.2.5.3 Miscellaneous buffers and solutions

Acrylamide/bisacrylamide 30:1
Chloroform/isoamylalcohol 24:1
Ethidiumbromide 10 mg/ml

Phenol/chloroform/isoamylalcohol 25:24:1

DNA loading dye: 10 mM Tris-HCL, pH 8.0
100 mM EDTA
60 % sucrose
0.05 % bromphenol blue
IFA buffer (FACS) 1x HEPES-KOH
4% FBS
0.1% NaN
KCL buffer: 125 mM KCl,pH 7.4

10 mM HEPES-KOH
5 mM NaHPO,
4 mM MgCh

0.5 mM EGTA

PBS: 137 mM NaCl
2.7 mM KCI
43 mM NaHPO, x 7 KO, pH 7.4
1.4 mM KRBPO,

4 % PFA/PBS stored at -20

TE buffer: 10 mM Tris-HCI, pH 7.5
1 mM EDTA, pH 8

TAE buffer: 40 mM Tris-acetate, pH 8
1 mM EDTA
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5.2.5.4 SDS-PAGE and Immunoblotting solutions

Immunoblot transfer buffer: 48 mM Tris-HCI, pH 8.4
39 mM glycine
10-20 % v/v methanol
0.04 % w/v SDS

Resolving gel buffer (4x): 1.5M Tris-HCI, pH 8.8
0.4% w/v  SDS

Stacking gel buffer (4x): 05M Tris-HCI, pH 6.8
0.4% w/v  SDS

Running buffer: 25 mM Tris-HCI, pH 8.3

190 mM glycine
0.1 % w/v SDS

SDS sample buffer (6x): 0.35M Tris-HCI, pH 6.8
30% v/v  glycerol
10 % w/iv  SDS
0.6 M DTT

0.012 % w/v  bromphenol blue
stored at -20

TBS: 20 mM Tris-HCI, pH 7.5
150 mM NacCl
TBST: TBS +0,1% Tween20

5.2.5.5 Buffers and solutions for microarray gene e  xpression analysis

DEPC-dHO treatment with 0.1 mg/ml DEPC overnight, inactivation of
DEPC by autoclaving (20 min)
Hybridization buffer: 100 mM MES, pH 6.5
1M [Na']
20 mM EDTA
0.01 % Tween 20

sterile filtered, stored in the dark &}
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20 x SSPE: 3M NaCl
0.2M NaH2PO4
0.02 M EDTA
SAPE stain solution: 1x MES buffer
2 mg/ml Acetylated BSA

10 pg/ml SAPE
stored in the dark af@

Stain buffer: 100 mM MES
0.1 M N4
0.05 % Tween20
filtered to 0.2 pum filter, stored in the dark 4C4

Non-stringent wash buffer: 6 X SSPE
0.01 % Tween2
filtered to 0.2 um filter

Stringent wash buffer: 100 mM MES
0.1M Na
0.01% Tween20

filtered to 0.2 um filter, stored in the dark 4C4

5.2.5.6 Restriction digest buffers:

NEB1: 10 mM bis-Tris-propane-HCI, 10 mM MgCIL mM DTT, pH 7.0

NEB2: 10 mM Tris-HCI, 10 mM MgG| 50 mM NaCl, 1 mM DTT, pH 7.9

NEB3: 50 mM Tris-HCI, 10 mM MgG| 100 mM NaCl, 1 mM DTT, pH 7.9

NEB4: 20 mM Tris-acetate, 10 mM Mg acetate, 50 mM K acetate, 1 mM DTT,
pH 7.9

5.2.5.7 Other enzymatic reaction buffers

DNA ligase buffer (NEB): 50 mM Tris-HCI, 10 mM Mg&110 mM DTT, 1 mM
ATP, 25 pg/ml BSA, pH 7.5

PCR buffer for KOD hot start DNA polymerase (Novagen)
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5.2.6  Antibodies

5.2.6.1 Primary antibodies (given are standard dilu  tions for IB)
anti-Bid goat polyclonal (Biovision), 1:1000

anti-BrdU mouse monoclonal, FITC-conjugated (BD Biosciences)
anti-caspase-3 rabbit polyclonal

(kind gift from Yuri Lazebnik, Cold Spring Harbour Laboratories), 1:500
anti-caspase-8 AR-17 rabbit polyclonal

(kind gift from Guy Salvesen, Burnham Institute, La Jolla), 1:10 000
anti-cleaved caspase-3 rabbit polyclonal (Cell Signaling), 1:1000
anti-cytochrome ¢ mouse monoclonal (Pharmingen), 1:1000
anti-Mcl-1 rabbit polyclonal (Santa Cruz), 1:1000

anti-Parp rabbit polyclonal (Cell Signaling), 1:1000
anti-phospho-c-jun rabbit polyclonal (Cell Signaling), 1:500

anti-Rb rabbit polyclonal,

raised against the C terminus (residues 768 — 928) of RB, 1:2000
anti-SMAC/DIABLO (Chemicon), 1:500

anti-TNFR1 (Santa Cruz), 1:250

anti-TNFR1 agonistic (HyCult), 0.625 pg/ ul for receptor activaitiovivo
anti-TNFR2 agonistic (HyCult), 2.5 pg/ pl for receptor activatiovivo
anti-tubulin goat polyclonal (Santa Cruz), 1:250

5.2.6.2 Secondary antibodies
AlexaRed-anti-rabbit (Molecular Probes), 1:500
HRP-donkey anti-rabbit (Pierce),1:5000
HRP-goat anti-mouse (Pierce), 1:5000
HRP-rabbit anti-goat (Pierce),1:5000

5.2.7 Caspase substrates and inhibitors

Ac-IETD-AFC (Calbiochem)

Ac-DEVD-AMC (Molecular Probes)

z-VAD(OMe)-fmk, z-IE(OMe)TD(OMe)-fmk, z-VD(OMe)VAD(OMe)+hk
(R&D systems)
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5.2.8 Enzymes

E. coli DNA Ligase (Invitrogen)

E. coli DNA polymerase | (Invitrogen)

E. coli RNase H (Invitrogen)

KOD hot start DNA polymerase (Novagen)
RNase A (Invitrogen)

SuperScript Il reverse transcriptase (Invitrogen)

T4 DNA polymerase (Invitrogen)

Restriction enzymes were obtained from NEB.

5.2.9  Miscellaneous reagents and materials

Acetylated BSA solution, 50 mg/ml (Invitrogen)

Bradford Protein assay (BioRad)

DC-Protein assay (BioRad)

DNA molecular weight standards: 1 kB ladder (NEB), 100 bp ladder (NEB)

Doxorubicine (Sigma)

dNTP stock solution, 10 mM (Invitrogen)

ECL reagents (Pierce)

Enzo BioArray™ RNA transcript labeling kit (Affymetrix)

GeneChip eukaryotic hybridization control kit, containing control cRNA and
control oligo B2 (Affymetrix)

GeneChip T7-oligo(dT) promoter primer, HPLC purified (Affymetrix),

(5-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG-(dTu-3)

Herring sperm DNA (Promega)

Protease inhibitor cocktail (Roche)

Protein molecular weight standard: Precision plus pre-stained proteiecutzol

weight standard (BioRad)

PVDF membranes (Millipore)

QIAquick PCR purification kit (QIAGEN)

Recombinant human and mouse TdKPeprotech)

RNeasy Mini RNA purification kit (QIAGEN)

R-phycoerythrin streptavidin (Molecular Probes)
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Staurosporine (Calbiochem)

SuperScript 1l system for cDNA synthesis (Invitrogen)
Tetracycline (Sigma)

Tris-Glycine pre-cast gels (Invitrogen)

TRIzol reagent (Invitrogen)

All other chemicals were obtaingd. from Sigma or Fluka.

5.3 Methods

531 Transformation of E. coli

Frozen stocks oE. coli cells were thawed on ice and incubated for 20 min with
purified plasmid DNA. Cells were transfected by heat shock &t 4@ 45 sec. Cells
were cooled on ice and directly plated onto LB agar plates ocamgaRO mg/ml

ampicillin.
5.3.2  Preparation of plasmid DNA from E. coli
5.3.2.1 Miniprep

1-3 ml aliquots of LB containing 50 pg/ml ampicillin (Amp-LB) vweanoculated with
individual E. coli colonies and grown at 3C overnight with constant agitation. Cells
were harvested by centrifugation for 1-2 min at 10 000 x g aswspended in 200 pl
solution A. Cells were lyzed by addition of 200 ul solution B and inwgitie tube 4-
5 times. 200 pul of solution C were added and mixed by invertingubee4-5 times to
neutralize the pH. Lysates were cleared by centrifugatid® 800 x g for 5 — 15 min
and processed using Wizard Miniprep columns (Promega) and a vacuwifoldnd
ml Wizard miniprep resin (Promega) was pipetted into each mimuual Cleared
bacterial lysates were passed through the minicolumns by app@lywaguum to the
manifold. Columns were washed with 2 ml of column wash solution and dyied b
drawing a vacuum for 30 s after the solution had passed the colummoMmins
were then transferred to a microcentrifuge tube and centrifag@@ 000 x g for 2
min to remove residual wash solution. Columns were transferred le@an c
microcentrifuge tubes and DNA was eluted by incubation with 50H2Qd or TE

buffer for 1 min and centrifugation at 10 000 x g for 20 sec.
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5.3.2.2 Midiprep

Starter cultures of 3-5 ml Amp-LB were inoculated with individdakoli colonies
and grown at 37C for 7-9 h with constant agitation. 100 ml Amp-LB containing were
inoculated from the starter culture (1:500) and incubated & 33r 12-16h with
constant agitation. Cells were harvested by centrifugatié0GQ x g, 4C for 15 min.
The pellet was resuspended in 4-5 ml solution A and lysed by additidrs ml
solution B. After addition of 4-5 ml solution C, the lysate was iatedh for 10 min at
RT and passed through a QIAGEN Midi column that had been equilibrated w
buffer QBT (QIAGEN). Columns were washed with 10 ml buffer QCAGEN) and
eluted with 5 ml buffer QF (QIAGEN). DNA was purified by ethanol precipitation.

5.3.3  Spectrophotometric quantification of nucleic acids

The DNA or RNA concentration of a solution was determined bysoresy the
solution’s absorbance at 260 nm and calculating the concentration using the
convention that one absorbance unit ¢@pPequals a concentration of 50 pg/mi
double-stranded DNA and 40 pg/ml single stranded RNA.

5.3.4  Enzymatic manipulation of DNA
5.3.4.1 Restriction digest of DNA

Restriction digest of DNA was performed in a volume of 30-50 ulst@ndard
reaction contained:

DNA (0.1-1pg/ul)

1 x restriction buffer 1-4 (NEB)

1-10 U restriction enzyme per pg DNA

Reactions were incubated 1-3 h at@G7or most enzymes.

5.3.4.2 Dephosphorylation of DNA ends
The 5 phosphate group of DNA ends were removed to prevent reshgati
linearized vectors. A standard reaction (30-50 pl) contained:

50-100 ng/ul DNA

1 x AP buffer (NEB)

1 U bovine intestinal alkaline phosphatase (CIP) per pmol DNA
Alternatively, CIP was added directly to the restriction digeattion. Reactions were

incubated for 1 h at 3T.
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5.3.4.3 Ligation of DNA ends

A standard reaction (10 pl) contained:
Vector and insert DNA in a molar ratio of 1:3 (together ca. 1uM DNA)
1 x Ligase buffer (NEB)
10 U T4 Ligase (NEB)

Reactions were incubated 5 h to overnight at RT.

5.3.4.4 Standard PCR amplification of DNA fragments
A standard reaction contained:
1 x PCR buffer (Novagen)

0.2 mM dNTPs

1mM MgSQ

5-50ng template DNA

0.3 uM 5’ primer

0.3 uM 3’ primer

1U KOD hot start DNA polymerase (Novagen)

KOD DNA polymerase was activated by heating for 2 miP&C and reactions
incubated for 30 cycles of

1 min at 94C

1 min at 52C

1.5 min at 72C

5.3.5 Isolation, purification and characterization of nucleic acids

5.3.5.1 Agarose gel electrophoresis

Depending on size, DNA or RNA was separated by electrophores@8ornl %
agarose/TAE gels containing 2 pl ethidium bromide stock solution. Samaee
diluted in DNA loading dye and gels were run in 1 x TAE buffarclic acids were

detected under UV light.

5.3.5.2 Ethanol precipitation

For precipitation of DNA, 2 vol ethanol and 0.1 vol 3 M sodium acetates(@Hwere
added to the DNA solution and the mixture was incubated at -20 foo bvetnight.
The precipitate was pelleted by centrifugation for 15 min at 10 00 The DNA

pellet was washed twice with 70 % ethanol, dried and resuspended in TE or dH20.
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5.3.5.3 Phenol/chloroform extraction

To remove protein contamination from DNA solutions, an equal volume of
phenol/chloroform/isoamylalcohol was added and dispersed by shaking the tube
Phases were separated by centrifugation for 10 min at 10 0@Md the upper phase
was transferred to a clean tube. An equal volume of chloroform/idakaiyol was
added, the solution mixed and phases again separated by centrifugedionthié

upper phase DNA was isolated via ethanol precipitation.

5.3.5.4 Isolation of DNA fragments from agarose gel s

DNA fragments were excised from agarose gels under UV Withta clean scalpel.
Agarose slices were weight and 3 vol of buffer QG (QIAGEN)/1 vol gel were added.
After 10 min incubation at 5C, 1 gel vol isopropanol was added and the mixture
applied to a QIAquick column and centrifuged for 1 min. DNA was washigh
buffer PE (QIAGEN) and eluted with dg€l or TE buffer.

5.3.6 Construction of Rat-16 cell lines

The pTRE-based WT-RB, PSM-RB, MI-RB and PSM-MI-RB expresgil@smids
were co-transfected with a pTK-Hyg plasmid in a molar ratio of 20:1 into RadllE6 ¢
which were engineered to express the TET-VP16 fusion protein and piiyhde
regulation of TET-regulated gene expression. These cellskivetly provided by E.
S. Knudsen (University of Cincinnati). Transfection was carriedwdén cells had
reached 40-60 % confluence using Fugene transfection agent, accavdihg t
manufacturers protocol. Selection was started 48 h post transfegtiba addition of
hygromycin (200 pg/ml) to the culture media. After 10 days lacten media, 48
single colonies from each transfection were picked using 4-f/pdih-EDTA and a
micropipette. Colonies were transferred to individual wells of 24 plates and
grown in selection media. After 16 days, cells were traredeto 6 well plates and
grown to confluence. Clones were finally split and analyzed foreR@ession by
immunoblotting after 24 h culture in TET-free media. For each ptissaveral
clones expressing wild-type or mutant RB were isolated and cleilesomparable

expression levels were selected for the present study.
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5.3.7 Cell culture

Rat-16 cell lines harboring inducible expression of WT or mutant@i cultured in
DMEM containing 10 % FBS, G418 (400 pg/ml), tetracycline (1 pg/ghlitamine,
penicillin and streptomycin. To induce RB expression, cells werbedathree times
in PBS and once in TET-free media and were then switched to rEETAliedia.
Murine wild-type andRb™™' fibroblasts were cultured in DMEM containing 10 %
FBS, glutamine, penicillin/streptomycin and 5 x 106 B-ME. All cells were

maintained at T in 5 % CQ in a standard cell culture incubator.

5.3.7.1 Synchronization of cells in early S phase:
For synchronization in early S phase cells were incubated in DM&Maining the
following supplements:

0.1 % FBS for 72 h

10 % FBS for 16 h

APH 2pg/ml for 10 h

5.3.8  Clonogenic survival assay

Cells were cultured for 24 h in the presence (uninduced) or ab@§edueed) of TET
and subsequently treated withu®1 doxorubicin for 24 h in the presence or absence
of TET. Cells were washed and equal numbers of cells wededée 96 well plates
in TET-containing media. After 7 days cells were staineti @ifL % crystal violet in
methanol and washed with PBS. From each well the dye was tegtraith acetic
acid and absorbance read at 500 nm. Untreated cells (100 % survivalyses to

calculate the percentage of surviving docorubicin treated cells.

5.3.9 Flow cytometry

Flow cytometry analysis was performed using a BD FACS apmaréBD
Biosciences) and CellQuest acquisition and analysis softw&rdB{8sciences). Data

was alternatively analyzed using FlowJow FACS analysis software.

5.3.9.1 Pl uptake assay for loss of membrane integr ity

For labeling of dead or necrotic cells, cells were trypsinizetlected in PBS and
sedimented by centrifugation at 1 000 rpm for 5 min. Cells wesaispended in 500
ml PBS containing 1 pg/ml propidium iodide (PI) per sample. Samyes filtered
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and incubated 10 min at RT before analysis by flow cytometr¢. @ ward scatter)
and FL2-H (PI peak height) channels were recorded counting 10 000.dvanésch
treatment condition, triplicate samples were analyzed from wikleh average

percentage of Pl positive cells was calculated.

5.3.9.2 Cell cycle distribution and subG1 DNA conte  nt analysis

For cell cycle profile and subG1 DNA content analysis, cellevig/psinized, fixed
in 70% ethanol overnight and stained with propidium iodide (20 pg/ml) in fh&S
RNase (40 pg/ml) for 30 min at RT in the dark. Samples Wiéeeed and analyzed
by flow cytometry recording FL2-A (Pl peak area) and FL2(®I peak width)
channels. Debris and cell clusters were excluded through a gaté ba the FL2-A

vs. FL2-W plot and 10 000 gated events were counted.

5.3.9.3 BrdU incorporation analysis

Cells were pulse labeled with BrdU (8@/ml), trypsinized and fixed in 70% ethanol
overnight. Fixed cells were pelleted, resuspended in 2N HCL ocamgad.2 mg/ml
freshly dissolved pepsin and incubated 30 min at room temperaargles were
neutralized with 3 ml 0.1 M sodium tetraborate, pH 8.5 and cells wasbed once
with IFA buffer, once with IFA, 0.5% Tween 20 and stained with a F¢®6jugated
anti-BrdU antibody (diluted 1:5 in IFA) for 30 min at RT in the ldaCells were
washed once with 3 ml IFA, 0.5% Tween 20 and incubated with RNade a
propidium iodide for 10 min at RT in the dark. Samples were filteneldamalyzed by
flow cytometry recording FL1-H (FITC peak height), FL2-A (Rla area) and FL2-
W (PI peak width) channels. Life cells were gated based on the FL2FA .29V plot

and 10 000 gated events were counted.

5.3.10 Immunofluorescence microscopy

Cells were fixed with 4 % PFA/PBS and permeabilized with 0.Tr¢ton X-100.
Unspecific binding sites were blocked with 0.1 % normal goat s@N®S)/PBS. RB

was detected using a polyclonal antibody raised against teen@ius (residues 768

— 928) of RB, 1: 500 and AlexaRed goat anti-rabbit 1:500, both diluted in0.1 %
normal goat serum (NGS)/PBS.
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5.3.11 DNA microarray analysis of gene expression

The entire procedure was performed following the manufacturers s$wgges
(GeneChip Expression Analysis Technical Manual, Affymetrix). All glagre was

baked and dH20O was treated with DEPC to inactivate RNases.

5.3.11.1 Isolation of total cellular RNA

Cells were washed in PBS, scraped of the culture dish and seeliimént
centrifugation. The pellet was resuspended in at least 0.5 Rikol reagent
(Invitrogen) per confluent culture dish and incubated 5 min at RT. 0.ehlaioform
were added, the tube was shaken for 15 seconds and incubated for 2-RmifT la¢
phases were separated by centrifugation (12 000 rpm in a conventional
microcentrifuge, 15 min) at°€. To the upper phase, 0.5 vol isopropanol were added,
the mix incubated for 10 min at RT and centrifuged (12 000 rpm, 10 mifCattd
precipitated RNA. The pellet was resuspended and washed once withettaf6l

and pelleted again by centrifugation (7 500 rpm, 5 mfi§)4Dried pellets were
resuspended in DEPC-treated dH20 or formamide. RNA was purified tising
RNeasy Mini Kit spin columns (QIAGEN) according to the manufast
instructions. RNA yield was quantified by spectrophotometric aizal{@etween 5
and 10 pg high-quality total RNA was used as a template for cDNA synthesis.
5.3.11.2 Synthesis of double-stranded cDNA

cDNA synthesis was carried out using the GeneChip T7 oligo(dT) promoter primer ki
(Affymetrix) and SuperScript Il reverse transcriptase (hwgén). The reaction

contained for the first strand synthesis:

T7-oligo(dT) primer 100 pmol

RNA 5-10 ug

1x cDNA buffer

dNTPs 500 uM each

SuperScript Il 200 U (added only before the last step)

For primer hybridization, reactions were incubated &C7fbr 10 min, allowed to
cool on ice and incubated at°€2for 2 min for temperature adjustment. At this point,
reverse transcriptase was added and the first strand synthasi®om incubated at
42°C for 1 h.
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For second strand synthesis, the following was added to the fastd stynthesis tube

(given are resulting final concentrations):

dNTPs 200 uM
E. coli DNA Ligase 10U

E. coli DNA Polymerase| 40U
E. coli RNase H 2U

The second strand synthesis reaction was incubated@tf@62 h. After addition of
10 U T4 DNA polymerase the reaction was returned t6Q6or 5 min before the
reaction was stopped with 0.5 M EDTA. Cleanup of double stranded cDaB\ w
performed via a standard phenol/chloroform extraction followed Hyanet
precipitation using 0.5 vol of 7.5 M NH40Ac, 2.5 vol absolute ethanoPGRand 1

ul glycogen as a carrier. Precipitated cDNA was washewiftx 80 % ethanol (-

20°C). The air-dried pellet was resuspended in 12 pl RNase-free dH20.
5.3.11.3 Synthesis of biotin-labeled cRNA

Biotin-cRNA synthesis was performed throuighvitro transcription using the Enzo
BioArray RNA transcript labeling Kit (Affymetrix).
The reaction contained:

double stranded cDNA template

1 x Biotin-labeled ribonucleotide mix

1 x HY reaction buffer

1 x DTT stock

1 x RNase inhibitor mix

1 x Enzo T7 polymerase
and was incubated at 37 for 6 h. The obtained cRNA was purified using the RNeasy
Mini Kit spin columns (QIAGEN) according to the manufacturerstrutsions.
Cleanup of biotin-labeled cRNA was performed using specific spionuwd for
GeneChip sample cleanup (Affymetrix) according to the manufastunstructions
and fragmented by incubation with fragmentation buffer (Affymgtit 94C for 35

min. Undiluted, fragmented biotin-cRNA was stored af€2Qntil hybridization.
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5.3.11.4 Target hybridization

A hybridization cocktail for a single microarray contained:

Fragmented biotin-c RNA 5 ug (0.05 pg/ul f. c.)

control oligonucleotide B2 50 pM

eukaryotic hybridization controls

(bioB, bioC, bioD, cre) 1.5, 5, 25 and 100 pm, respectively
herring sperm DNA 0.1 mg/ml

acetylated BSA 0.5 mg/ml

1 x hybridization buffer
The hybridization cocktail was heated td@%or 5 min and equilibrated to 26 for
5 min and the probe array was pre-incubated with 1 x hybridizhtitiar at 453C for
10 min, before the hybridization cocktail was incubated with a MGUWAine

genome probe array at45in a rotisserie oven for 16 h.

5.3.11.5 Probe array wash and stain

MGUT74A probe arrays were washed and stained using a microhuidigs wash and
stain station following the following protocol:

10 cycles of 2 mixes/cycle with non-stringent wash buffer a€25

4 cycles of 15 mixes/cycle with stringent wash buffer atG0

Staining for 30 min in SAPE solution atZ5

10 cycles of 4 mixes/cycle with non-stringent wash buffer a€25

5.3.11.6 Probe array scan

Probe arrays were scanned with a microarray scanner cedtrbil Affymetrix
Microarray Suite software. Each complete probe array imagesteaed in a separate
data file. The image was analyzed for probe intensities byftiyenetrix Microarray
Suite software. Results were reported in tabular and graphicabt®; the array
images allowed a quality analysis of hybridization and segnthe absence of blank
spots or scratches, the labeling of all control oligos and a homogatistiimution of

signal intensities.

5.3.11.7 Statistical analysis of gene expressionda ta

Normalization of gene expression values was performed using dChimsafii and
Hung Wong 2001; Li and Wong 2001). Intensity values were normalized against
probe array with medium average intensity. Significant changegme expression

were identified using Significance analysis of Microarray&\$ software (Tushegt
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al. 2001). Details of the SAM procedure are given in “SAM - User guidd
technical document”, available at http://www-stat.stanford.ets/3iAM. Data was

analyzed using the SAM algorithm for a two-class, unpaired response.

5.3.12 Preparation of cell lysates

Whole cell lysates were generally prepared on ice using RUAfer and sonication.
Lysates were clarified by centrifugation (13 000 rpm, 15 mind°@t and protein

concentration was determined using the DC-Protein assay (BioRad).

5.3.13 Isolation of fractionated cell extracts

Cells were resuspended in hypotonic lysis buffer and incubated 15de.0Fo break
up the cells they were passed 5 times through 22.5 gauge needésamdswith 5 —
10 strokes with a loose (type B) pestle. Trypan blue staining wasmped to check
for outer membrane disruption. Nuclei and heavy membranes weletegeby
centrifugation (13 000 rpm, 15 mini@). The supernatant was collected as cytosolic
fraction. The pellet (nuclear and heavy membrane fraction) washed 1x with
hypotonic lysis buffer, resuspended in nuclear extract buffer aed lyg sonication.

Extracts were cleared by centrifugation (13 000 rpm, 15 M®).4

5.3.14 Isolation of mitochondria/heavy membrane fra  ction from

mouse liver

The entire procedure (modified from Eskes et al., 1998, Cowling et al. 2062)
carried out on ice and in refrigerated centrifuges.

One third to one half of a freshly isolated mouse liver was ringeBBS and
homogenized with 15 strokes of a loose fitting (B type) pestle inn80
mannitol/sucrose buffer I. The homogenate was centrifuged for 6 min at 13 000 g. The
pellet was dissolved in 20-30 ml mannitol/sucrose buffer | and ceggdffor 3 min

atl 400 g. The supernatant was centrifuged for 3 min at 13 000 ddbtpelheavy
membrane fraction containing mitochondria. This fraction was resuspeinded
mannitol/sucrose buffer Il and centrifuged for 3 min at 13 000 g. peilet was

resuspended in mannitol/sucrose buffer Il and used within 1 h of preparAm
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aliquot of the preparation was lysed in RIPA and protein concentrata®m w
determined using the DC-Protein Assay (BioRad).

5.3.15 Determination of protein concentration

Detergent compatible (DC)-Protein Assays (modified LowryygssaProtein Assays
(modified Bradford assay) (BioRad) were performed in microptates according to
the manufacturers instructions. Samples were diluted 1:10 and reaeicnset up in
triplicate. For each reaction, absorbance at 595 nm (Protein Amsag0 nm (DC-
Protein Assay) was determined and the O.D. curve for seriailodidu¢0.125 mg — 1
mg) of a BSA standard solution was used to calculate protein concentrations.

5.3.16 Caspase activity assay

Cells were lysed in PIPES/CHAPS buffer and clarified bgtrdeigation. Protein
concentration was determined using the Protein Assay (BioRad) apd 50 total
protein was incubated with 50 uM Acetyl-DEVD-7-amino-4-methylcatim (Ac-
DEVD-AMC) or Acetyl-IETD-7-amino-4-trifluoromethylcoumarinA¢-IETD-AFC)
for 15-30 min at 37 C. Fluorometric detection of AMC and AFC was performed in
triplicates by excitation at 360 nm/emission at 460 nm (AMC) awmitagion at 405

nm/emission at 500 nm (AFC).

5.3.17 Immunoblotting
Usually, 50-100 ug of total protein were resolved by SDS-PAGHrandferred onto

PVDF membranes. Membranes were blocked for at least 30 mir®dménfat dry
milk/TBST and incubated with primary antibodies diluted in 5 % nonfgt dr
milk/TBST (see paragraph 5.2.6 for dilution ratios) for 1 h (at ®Tyvernight (at
4°C). Membranes were washed 3-4 times for 10 min with TBST seubated with
HRP-conjugated secondary antibodies diluted in 5 % nonfat dry miITBr 1-3 h

at RT. After washing (3 x 10 min TBST), membranes were inedbaith enhanced
chemoluminiscence (ECL) reagent for 1-5 min and incubated with an

autoradiographic film. Films were automatically developed.
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5.3.18 Immunoprecipitation

For immunoprecipitation of Rb, whole cell lysates were prepayedodnication in
RIPA buffer. Lysates were cleared by centrifugation for 20 ahih0 000 x g. 1-2 mg

of total lysate were used per sample. Sample volume was adjes&0 ml with
RIPA buffer. 100 ml RIPA buffer containing 2-3 ml antibody and 40 mlgina&/G
sepharose beads (50 % slurry in PBS) were added per samplenapleéssavere
incubated overnight at°€ with constant rotation. Sepharose beads were pelleted by
centrifugation and washed 1 x with RIPA + 0.5 M NaCl, 1 x witRR+ 0.25 M
NaCl, 2 x with RIPA and 1 x with PBS. Washed beads were boil&Di& sample
buffer for 15 min and pelleted by centrifugation. Supernatants wsob/esl on a 6-8

% SDS-PA gel.

5.3.19 Analysis of in vivo cytochrome c release by cell

fractionation

Cells were trypsinized, washed in PSB, resuspended in mannitol/sbaféeeon ice

and broken up by passage through a 22.5 gauge needle (ca. 15 time®ntEff
rupture of plasma membranes was confirmed by trypan blue staikiegvy
membrane fractions (containing mitochondria) were pelleted biriftegyation (10

min, 13 000 rpm) at“€. 100 pg of the supernatants was resolved on a 14% SDS-PA
gel. Proteins were transferred on PVDF membranes in SD&dredfer buffer (20%

methanol) for 1-1.5 h at 80-100 V and cytochrome ¢ was detected by immunoblotting.

5.3.20 In vitro cytochrome c release assay

Freshly isolated liver mitochondria (ca. 1 pg/ul) were combineith wytosolic
extracts from untreated or TNF-treated wild-type R™™' cells diluted in KCL
buffer. Reactions were incubated for 45 min at@G7under gentle agitation.
Mitochondria were pelleted by centrifugation for 15 min at 10 000ax 4C. One
quart to one third of supernatants and pellets were separatelyethébr cytochrome
c release by immunoblotting as described above. Supernatants \weesl dvith
sample buffer directly, pellets were first resuspended inARRffer, lysed by

sonication and cleared by centrifugation for 10 min at 10 000 x ¥at 4
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