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ABSTRACT

Deregulated TNF signaling with elevated or decreased levels of TNF-induced
apoptosis causes numerous inflammatory and cancerous diseases. Thus, there
is a clear need to identify cellular proteins that regulate cell fate in the presence
of TNF. RNA interference technology provides an excellent tool to address that
problem. It allows the rapid generation of transient protein depletion “mutants” in
cell culture, whose behaviour in the context of TNF can be examined. |
developed a quantitative high-throughput siRNA assay to identify modifiers of
TNF-induced cell death in HelLa cells and screened a set of nine hundred eighty
six proteins, which includes the entire set of human kinases and phosphatases
and several of their binding partners or related proteins. Of all gene products
tested, loss of hexokinase 1 (HK1) resulted in the greatest elevation in TNF-
induced death. In secondary assays, | demonstrated that the presence of HK1
attenuates TNF-induced apoptosis. Specifically, HK1 attenuates the processing
of key caspases and caspase substrates, and decrease of the mitochondrial
membrane potential. The predominantly mitochondrial localization of HK1
prompted me to examine whether HK1 impacted TNF-induced apoptosis at the
mitochondria. | found that HK1 constitutively stabilized the mitochondrial
membrane potential at least in part through the inhibition of the pro-apoptotic Bcl-
2 effector proteins Bax and Bak. In line with these findings, HK1 attenuated Bax
translocalization and oligomerization to and at the mitochondria in the absence
and presence of an apoptotic stimulus. Finally, | found that attachment of
hexokinases to the mitochondria is a prerequisite for mitochondrial integrity and

essential for pro-survival functions of hexokinases in TNF-induced apoptosis.



These data are the first loss-of-function reports to examine the involvement of
HK1 in the transduction of extrinsic apoptotic cues and identify HK1 as a

potential target in deregulated TNF signaling.
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CHAPTER 1. INTRODUCTION.



1.1. Death receptor-induced apoptosis.
1.1.1. Apoptosis.

Apoptosis is a form of programmed cell death that allows the removal of cells
without the release of cell content into the surrounding tissue [1-4]. One of the
defining features of apoptosis is the maintenance of plasma membrane integrity
while the cell retracts pseudopods, rounds up, reduces its volume (pyknosis) and
blebs and sheds vesicles containing cytoplasm and cell organelles (apoptotic
bodies) [1]. Apoptosis is accompanied by major structural changes to the nucleus
and the mitochondria. Nuclear chromatin visibly condenses, and the nucleus
disintegrates into fragments (karyorrhexis) [1, 5]. Fragmentation is also typical for
mitochondria [5]. In addition, mitochondria lose the integrity of their membranes

and increase in volume [5].

Morphological changes are initiated by the activity of intracellular nucleases
and proteases. The primary biochemical markers for apoptosis are therefore
oligonucleosomal DNA fragmentation [6], the presence of active cysteine-
dependent aspartate-directed proteases (caspases) [7, 8] and cleavage products
of their substrates [9]. The cues for the activation of intracellular nucleases and
proteases may originate from the interior or the exterior of the cell. External cues
initiate the extrinsic apoptotic pathway, whereas internal cues lead to intrinsic
apoptosis [10]. Cytotoxic stresses and DNA damage are examples of intrinsic
cues, whereas immune responses to an intracellular infection or tumorigenic

guality are classical examples of extrinsic cues [10].

In vivo, apoptotic cells and apoptotic bodies are engulfed by neighboring cells
or resident professional phagocytes [1]. As a result, apoptosis is a mostly non-
immunogenic form of cell death that is essential for tissue homeostasis [1],
morphological changes during development [1, 11], and for the selection of the
immune repertoire and the removal of infected cells [12, 13]. Deregulation of
apoptosis has very serious consequences for the organism, such as cancer [14,
15], neurodegenerative disorders [14, 16, 17], tissue damage during inflammation

[18-20], and auto-immune diseases or immune deficiencies [14, 21].



1.1.2. Apoptotic caspases.

Caspases are the primary molecular initiator of apoptotic processes in the cell.
Caspases employ a cysteine residue as their catalytic nucleophile and cleave
their substrates after an aspartic acid residue [22, 23]. There are eleven human
caspases [8]. Seven of those caspases, caspase-2, 3, and 6, 7, 8, 9, and 10, are

classified as apoptotic caspases [8] (figure 1.1.).

Caspases are synthesized as inactive proenzymes [8]. Procaspases consist of
an amino-terminal prodomain, followed by a large subunit of about 20 kD (p20)
and a small subunit of about 10 kD (p10) [8]. Caspases transition to an active
conformation through homo-dimerization and/or proteolytic cleavage at specific

aspartates between the 3 subunits [24-27].

Apoptotic caspases activate each other in cascades that start with the initiator
caspases caspase-2, -8, -9, or -10 [8] (figure 1.2.). Initiator caspases are
characterized by long prodomains, which contain one of two homotypic
interaction motifs: death effector domains (DEDs) [28] in the case of caspase-8
and 10, or caspase recruitment domains (CARDs) [28, 29] in the case of
caspase-2 and 9 [8]. Apoptotic cues initiate formation of multimeric caspase
activation complexes. DED and CARD domains are the basis for the recruitment
of caspases to these complexes [8]. Dimerization of monomeric initiator caspases
at the activation complexes fully activates initiator caspases [25, 27, 30, 31].
Subsequent auto-proteolytic processing of the caspase dimer stabilizes the active
enzyme [25, 27, 30, 31].

Active initiator caspases target and activate effector caspases such as
caspase-3, 6, and 7 [8]. Effector caspases have short prodomains and exist as
dimers in the inactive state [8, 25-27]. However, the linker between the large and
small subunit sterically blocks the active site [24, 26]. Therefore, effector caspase
activation requires processing of the interdomain linker by initiator or other
effector caspases [24, 26, 27]. Following cleavage at specific aspartates, the two
large and small subunits of the caspase dimer reorganize to form a proteolytically
active heterotetramer [24, 26, 27]. Active effector caspases process other effector
caspases and induce apoptosis by proteolytic cleavage of several hundred

intracellular proteins [9, 32].
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Figure 1.1. Domain structure of apoptotic caspases. All caspases consist of a
large subunit p20 and a small subunit pl0. Both subunits contribute loop
structures to the substrate-binding groove (underlined) that harbours the active
site of the caspase (*). Initiator caspases possess long prodomains with DED and

CARD homotypic interaction motifs.
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Figure 1.2. Mechanism of caspase activation. Initiator caspases exist as
inactive monomers that are activated by dimerization at apoptotic activation
complexes. Auto-proteolytic cleavage of the linker between the large (p20) and
small subunit (p10) stabilizes the active dimer. Effector caspases exist as inactive
dimers that are activated by initiator or effector caspases. Active effector
caspases cleave intracellular substrates to initiate apoptosis. H: homotypic
interaction motif, such as DED and CARD; yellow star: active center of the
caspases.



1.1.3. Death receptors.

Death receptors [33] (figure 1.3.) are cell surface receptors that assemble
multimeric caspase activation platforms to initiate the apoptotic caspase cascade

in response to extrinsic death signals.

All eight human death receptors belong to the tumor necrosis factor receptor
super family (TNFRSF) [34]. They are characterized by three to four extracellular
cysteine-rich repeats that bind corresponding ligands [35]. In addition, death
receptors contain an intracellular death domain (DD) [36, 37] that engages in

homotypic interactions with other DD-containing adapter proteins [28].

Death receptors interact with defined sets of adapter proteins. Accordingly,
death receptors are classified into tumor necrosis factor receptor type 1-
associated death domain protein (TRADD) recruiting, and Fas-associated death
domain protein (FADD) recruiting death receptors [38]. Tumor necrosis factor
receptor 1 (TNF-R1) [39, 40] is a TRADD-recruiting death receptor [38]. CD95 or
Fas, tumor necrosis factor-related apoptosis-inducing ligand receptor 1 (TRAIL-
R1) or death receptor 4 (DR4), and TRAIL-R2 or DR5 belong the group of FADD
recruiting receptors [38]. Tumor necrosis factor receptor 2 (TNF-R2) belongs to
the TNFRSF, but does not contain DDs and is not considered a death receptor
[34].

Death receptors recruit specific adapter molecules that determine downstream
signaling events. FADD is a bipartite adapter molecule that contains two death
folds, a DD and a DED [28, 41, 42]. The DD of FADD binds the death receptor,
and the DED forms homotypic interactions with the DED of caspase-8 and 10 [41]
to assemble ‘death-inducing signaling complexes’ (DISCs) directly at the cell
membrane [43]. While both caspase-8 and caspase-10 are activated in DISCs, so
far only caspase-8 DISCs have been shown to engage the pro-apoptotic caspase

cascade and induce cell death [44, 45].

In contrast, TRADD-recruiting death receptors serve as a platform for the
activation of pro-survival and pro-inflammatory nuclear factor kappa-B (NF-kB)
and mitogen-activated protein kinase (MAPK) modules [46, 47].
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Figure 1.3. Death receptor signaling. Fas and TRAIL-R1 or TRAIL-R2 establish
membrane-proximal death-inducing signaling complexes (DISCs) of FADD and
caspase-8. TNF-R1 is a TRADD-recruiting death receptor that establishes a
membrane-proximal complex | to initiate pro-survival NF-kB and MAPK signaling
and a cytosolic complex Il of TRADD, FADD and caspase-8. Complex Il and Fas
and TRAIL-R1/2 DISCs activate effector caspases that induce apoptosis. Death
domains within the receptors, TRADD and FADD are shown in white, death
effector domains in FADD and caspase-8 in dark brown. c-IAP1/2: cellular
inhibitor of apoptosis 1 or 2, FADD: Fas-associated death domain protein, FasL:
Fas ligand, RIPK1: receptor-interacting protein kinase 1, TNF: tumor necrosis
factor, TNF-R1: tumor necrosis factor receptor 1, TRAF: TNF receptor-associated
factor, TRAIL: TNF-related apoptosis-inducing ligand, TRAIL-R1/2: TNF-related
apoptosis-inducing ligand receptor 1 or 2.



However, the DD of TRADD also connects with the FADD-caspase-8/10 axis
in a second cytosolic complex (complex Il) [46, 47]. Complex Il induces apoptosis

[48, 49] in the absence of anti-apoptotic NF-kB signaling [50].

1.1.4. TNF receptor 1.
1.1.4.1. The physiological role of TNF.

TNF is the prototypical pro-inflammatory cytokine [51]. It is partially redundant
with interleukin 1 (IL-1) and interleukin 6 (IL-6) [51], but surpasses the two in
versatility [51]. Inflammation is an innate immune response to a local infection,
antigen challenge or tissue injury with the goal to eliminate or at least to confine
invaders and to promote tissue repair [51]. Resident tissue macrophages,
dendritic cells, and mast cells recognize tissue infection or injury and initiate
inflammation through synthesis and secretion of TNF and other second
messengers [19, 51]. TNF promotes the recruitment of immunogenic components
from the blood [19, 51] and activates resident and recruited immune cells to fight
invading microorganisms [19, 51]. Systemic TNF triggers fever, the secretion of
acute-phase protein by the liver, activation of the coagulation cascade,
myocardial suppression and systemic vasodilation [51]. In the resolution phase of
inflammation, TNF contributes to the elimination of infiltrated immune cells and
promotes tissue repair [51]. On a cellular level, TNF is therefore a pleiotropic
cytokine that mediates processes as diverse as cell activation and survival,

differentiation, proliferation, cytokine release, and cell death [52, 53].

Inflammation and its mediator TNF cause serious medical problems during
severe acute inflammation and chronic inflammation associated with persistent
infections, or auto-immune diseases such as rheumatoid arthritis, inflammatory
bowel diseases, and multiple sclerosis [19, 20, 54]. Severe acute inflammation
causes septic shock and death, and chronic inflammation tissue injury and organ
dysfunction [19, 20]. In addition, prolonged exposure to low concentrations of
TNF can lead to exhaustion of the organism and a condition described as wasting

syndrome or cachexia [55].



The clinical impact of diseases with deregulated inflammation and the importance
of TNF are reflected in the common use of TNF and anti-TNF therapies. Some
cancers are treated with regional TNF perfusion [56, 57], while the tissue-
damaging side effects of chronic inflammation are minimized with anti-TNF

antibodies or artificial TNF receptor decoys [58, 59].

1.1.4.2. TNF.

Tumor necrosis factor alpha (TNF-a, commonly abbreviated as TNF) [60-62] is
a cytokine of the TNF super family (TNFSF) and the ligand of death receptor
TNF-R1 and the non-death receptor TNF-R2 [34, 63]. TNF exists in a membrane-
bound and a soluble form. The membrane-bound version consists of three type Il
transmembrane proteins that form a stable homotrimer [64, 65]. TNF-a converting
enzyme (TACE) processes all three TNF molecules at extracellular sites to
generate trimeric soluble TNF [66, 67]. TNF is closely related to lymphotoxin
alpha (LT-a, or TNF-B), which only exists in soluble form [68]. Whereas LT-a is
mostly generated by T-lymphocytes [68], TNF is mainly produced by
macrophages, and a broad variety of other cell types, including lymphoid cells,
dendritic cells, mast cells, endothelial cells, cardiac myocytes, adipose tissue,

fibroblasts, and neuronal tissue [52].

1.1.4.3. The TNF receptor complex.

TNF binds the death receptor TNF-R1 and the non-death receptor TNF-R2
[52]. Soluble and membrane-bound TNF as well as soluble LT-a activate TNF-R1
[69], which is expressed on most tissues [52]. In contrast, only membrane-bound
TNF efficiently activates TNF-R2 on lymphocytes, endothelial cells and other
immune-related cells [70]. TNF receptors are type | transmembrane proteins with
4 extracellular cysteine-rich repeats [35] and an intracellular DD [36]. Like TNF,
TNF receptors exist as spontaneously pre-assembled trimeric complexes at the
cell membrane (figure 1.4.). The pre-ligand assembly domain (PLAD) in cysteine
repeat 1 stabilizes that configuration [71]. Ligand binding [72] triggers
conformational changes that lead to the dissociation of the intracellular DD
protein silencer of death domains (SODD) from the receptor DDs [73]. Release of
SODD allows the assembly of a TNF receptor complex (complex I) at the plasma

membrane.
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Figure 1.4. The TNF receptor complex and NF-kB activation. Binding of TNF
to the pre-assembled TNF-receptor leads to the assembly of a TRADD-based
TNF receptor complex (complex I). Predominantly c-IAPs attach K63 and K11
poly-ubiquitin chains (light blue) to components of complex I. The linear ubiquitin
assembly complex (LUBAC) attaches linear ubiquitin chains (pink). For simplicity,
only ubiquitin chains on RIPK1 and LUBAC are depicted. Ubiquitin chains act as
a platform for the recruitment of the TAK1 and IKK complexes. Phosphorylation-
dependent proteasomal degradation of I-kB frees NF-kB to initiate transcription of
pro-survival and pro-inflammatory gene products. Death domains in the TNF-R1,
SODD, TRADD and RIPK1 are depicted in white.
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TNF-R1 is a TRADD-recruiting death receptor that predominantly induces pro-
survival and pro-inflammatory responses through NF-kB and MAPK signaling
modules [46]. In addition to TRADD [74], common elements of complex | are
receptor-interacting serine/threonine-protein kinase 1 (RIPK1) [75], TNF receptor-
associated factor 2 or 5 (TRAF2/5) [76], and cellular inhibitor of apoptosis 1 or 2
(c-IAP1/2) [77] (figure 1.4.). However, some of those components seem to be
absent and dispensable in some TNF receptor complexes [78]. In the traditional
model, TRADD uses its DDs to recruit DD protein RIPK1 [74, 75]. However,
RIPK1 may also engage in a direct homotypic interaction with the receptor [78].
TRADD also recruits TRAF2 or TRAF5 [46, 78, 79] that in turn recruit c-IAP1 or 2
[80, 81]. A crystal structure revealed that one c-IAP2 molecule binds a trimer of
TRAF molecules [82].

Recently, we began to understand the importance of poly-ubiquitin chains for
the recruitment of NF-kB and MAPK modules through complex | [78, 83, 84].
Complex | serves as a platform for E2 ubiquitin-conjugating and E3 ubiquitin-
ligating enzymes and as an acceptor for ubiquitin chains [78]. E3 ubiquitin ligase
activity in complex | mostly derives from c-IAPs [77, 85, 86]. clAPs add K63 and
K11-linked poly-ubiquitin chains to many components of complex I, including
RIPK1 [77, 85-88], themselves, and possibly TRAF2, TRADD, and the TNF-R
[83]. The linear ubiquitin assembly complex (LUBAC) binds to these poly-ubiquitin
chains and creates Kl1-linked linear polyubiquitin chains on itself as well as
complex | components. The variety of poly-ubiquitin chains on complex | recruit 2
essential complexes for NF-kB and MAPK activation. The trimeric inhibitor of
nuclear factor kappa-B kinase (IKK) complex consists of IKK-a, IKK-B [89], and
NF-kB essential modifier (NEMO) [90, 91], and the trimeric transforming growth
factor-beta-activated kinase 1 (TAK1) complex [92] consists of TAK1, and TAK1-
binding proteins 2 and 3 (TAB2 and 3). NEMO in the IKK complex and TAB2 and
TAB3 in the TAK1 complex bind ubiquitin chains in complex | [93-96]. Upon
recruitment, the proximity of IKK and TAK1 complex, allows TAK1 to
phosphorylate and activate IKKs [92]. The IKK complex promotes NF-kB
signaling, while TAK1 also promotes signal transduction through the MAPK

cascade [92].
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1.1.4.4. TNF-induced NF-kB signaling.

Membrane-associated complex | activates NF-kB signaling within minutes of
TNF binding. NF-kB signaling leads to the activation of NF-kB transcription
factors, which elicit immune and survival responses through the regulation of
cellular gene transcription (figure 1.4.). NF-kB transcription factors consist of
homo- or heterodimers of Rel family proteins [97, 98]. Rel proteins are
characterized by a Rel homology domain (RHD), which mediates dimerization,
nuclear localization and DNA binding [97, 98]. In the absence of an activating
stimulus like TNF, proteins of the inhibitor of nuclear factor kappa-B (I-kB) family
sequester NF-kB in the cytoplasm by masking its nuclear localization signals [98].
TNF activates TAK1 that phosphorylates two serine residues in the activation
loop of IKK-B [92, 99, 100]. TNF also activates MAPK/ERK kinase kinase 3
(MEKK3) and MAPK/ERK kinase kinase 2 (MEKK2) that can functionally replace
TAK1 under specific circumstances [101-103]. However, the exact molecular
activation mechanisms for MEKK2 and MEKKS3 by TNF are unknown. Active IKK-
B phosphorylates 1-kB proteins on conserved serine residues [98]. Upon
phosphorylation, I-kB proteins are poly-ubiquitylated and destroyed by the
proteasome [98]. The liberated NF-kB dimers translocate to the nucleus, bind

conserved promoter sequences and initiate gene transcription [98].

NF-kB controls the expression of several hundred gene products, including cell
survival/anti-apoptotic, cell proliferatory, inflammatory, and auto-regulatory genes
[104]. For example, I-kB-a and A20 are auto-regulatory gene products that act in
a negative feedback-loop to terminate NF-kB activity [104]. A20 is part of a
ubiquitin-editing complex that targets RIPK1 for proteasomal degration [105-107].

NF-kB-induced anti-apoptotic gene products, such as cellular FLICE-like
inhibitory protein long (c-FLIP.) [108-111], secure cell survival after TNF. Loss of
c-FLIP. sensitizes cells to apoptosis, even if NF-kB signaling is fully activated
[112]. c-FLIP_ is highly similar to caspase-8 (21% amino acid identity, 61%
similarity), but lacks an active proteolytic site. c-FLIP. homodimerizes or
heterodimerizes with caspase-8 in complex Il through homotypic DED
interactions and blocks caspase-8 activation in a dominant negative fashion [47,
113].
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In the spectrum of NF-kB induced anti-apoptotic proteins, Bcl-2 proteins [114-
116] control mitochondrial apoptotic signaling, and inhibitor of apoptosis proteins
(IAPs) [117] block the activity of caspases 3, 7, and 9 [118, 119].

1.1.4.5. TNF-induced MAPK signaling.

Complex | also induces MAPK signaling [47] (figure 1.5.). MAPK pathways
are characterized by a tripartite core signaling module, which consists of a linear
phosphorylation and activation cascade of an upstream mitogen-activated protein
kinase kinase kinase (MAP3K), an interjacent mitogen-activated protein kinase
kinase (MAP2K) and a downstream MAPK [120]. MAP2Ks are threonine and
tyrosine protein kinases that dually phosphorylate the conserved Thr—X—Tyr motif
in the MAPK activation loop [120]. TNF activates three major human MAPK
groups; c-Jun N-terminal kinases (JNK), p38 kinases, and extracellular signal-
regulated kinases (ERK) [120]. However, it is poorly understood how the TNF
receptor complex connects to these MAPK cascades. The MAP3Ks involved in
the TNF-induced activation of MAPKs are TAK1 [92, 121], MEKKS [102, 120],
MEKK1 [120, 122, 123] apoptosis signal-regulating kinase 1 and 2 (ASK1/2) [120,
124] and tumor progression locus 2 (TPL-2) [125-127]. The MAP2Ks leading to
JNK, p38 MAPK, or ERK signaling are conserved [120]. MKK4 and MKK?7
activate three JNK isoforms [128-133], MKK3 and MKKG6 activate four p38
isoforms [129, 134-136], and MEK1 and MEK2 activate two ERK isoforms [137]
(figure 1.5.).

Active MAPKs phosphorylate a number of transcription factors and
transcriptional activators. The transcription factors are primarily components of
the homo- or heterodimeric activator protein 1 (AP-1) [120, 138] such as Jun, fos,
or activating transcription factor (ATF) family proteins. AP-1 activates

inflammation and stress-related genes [138-140].

Prolonged JNK signaling can favour TNF-induced death [140-142] through
activation of complex Il [143] and mitochondrial apoptotic signaling [142, 144,
145]. However, NF-kB dependent gene products counter prolonged JNK
signaling [146-148].
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Figure 1.5. TNF-induced MAPK signaling. The TNF-receptor complex activates
tripartite MAPK cascades such as JNK, p38, and ERK modules. MAP3Ks and
MAP2Ks for the respective modules are indicated. JNK, p38, and ERK isoforms
predominantly activate versions of the bipartite transcription factor AP-1, which
transcribes pro-survival and pro-inflammatory genes.
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1.1.4.6. TNF-induced apoptosis.

TNF also activates a pro-apoptotic caspase signaling module [52]. The
mechanism and temporal pattern of caspase activation is different to the
mechanics of NF-kB and MAPK activation. Activation of the caspase module
occurs after NF-kB and MAPK activation and requires the formation of a second

molecular complex (complex II) [47].

It is believed that complex Il derives directly from molecular reorganization of
complex | [47]. Molecular reorganization of complex | is accompanied and
possibly triggered by endocytosis of TNF-R1 [149, 150] (figure 1.6.). TNF-R1
endocytosis is mediated by clathrins [149, 151-154] and based on the interaction
of the cytosolic tumor necrosis factor receptor 1 internalization domain (TRID)

with the clathrin recruitment machinery [149].

In a process that involves apoptosis-linked gene 2 (Alg2), Alg2 interacting
protein (AIP) and the endosomal sorting complex required for transport (ESCRT),
caspase-8 is recruited to the TNF receptor complex at the endosome membrane
[155]. Caspase-8 binds TRADD via the adapter molecule FADD [46, 47, 149,
156]. Caspase-8 dimerization at the TNF receptosome allows caspase-8
activation [31, 47]. Active caspase-8 processes RIPK1 in complex Il [157, 158]
and contributes to RIPK1 degradation in combination with a number of E3
ubiquitin ligases [83, 159-161] that attach poly-ubiquitin chains. Ubiquitination
targets RIPK1 for proteasomal degradation and terminates NF-kB signaling in the
TNF receptosome. Active caspase-8 then activates the pro-apoptotic cascade.

1.1.5. Type | and type |l death receptor-induced apoptosis.

Caspase-8 activates effector caspases through two different pathways [162-
164] (figure 1.7.). Pathway selection depends on the relative magnitude of
caspase-8 activation at the receptor complex [162] and the levels of the X-linked
inhibitor of apoptosis protein (XIAP) [165]. In so-called ‘type I’ cells, which include
thymocytes and mature T-cells, death receptor signaling induces high levels of
caspase-8 activity at the receptor complex [162] and rapid degradation of XIAP
[165].
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Figure 1.6. TNF-induced apoptosis. Endocytosis of the TNF receptor complex
initiates the recruitment of pro-apoptotic FADD and caspase-8 (casp-8) and the 2-
fold proteolytic destruction of RIPK1 through caspase-8 and the proteasome.
RIPK1 destruction terminates TNF-induced pro-survival NF-kB and MAPK
signaling. Caspase-8 activates effector caspases and induces apoptosis. Death
domains in TNF-R1, TRADD, and RIPK1 are depicted in white, death effector
domains in FADD and caspase-8 in dark brown.
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1 type II

Figure 1.7. Type | and type Il apoptosis. In type | cells (left panel), pronounced
caspase-8 activity at the death receptor complex and decreased XIAP levels
allow the direct activation of effector caspases. In type Il cells (right panel), low
caspase-8 activation and increased levels of XIAP prohibit the direct activation of
effector caspases. The activation of the mitochondrial apoptotic pathway
amplifies the apoptotic signal from caspase-8 to caspase-9 and effector
caspases. Effector caspase-6 establishes feedback signaling to caspase-8.
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Degradation of XIAP unlocks caspase-8 mediated activation of caspase-3, 7
[119], and 9 [118]. Type Il cells, such as hepatocytes or pancreatic p-cells, are
characterized by low caspase-8 activity at the death receptor complex [162],
increased XIAP levels [165] and minimal direct activation of effector caspases
[162]. In type 1l cells, caspase-8 induces the release of pro-apoptotic factors from
the mitochondria to amplify the apoptotic signal for the activation of caspase-9

and effector caspases [162].

Specifically, caspase-8 cleaves the pro-apoptotic Bcl-2 family member BH3-
interacting domain death agonist (Bid) [166] into truncated Bid (tBid), which
permeabilizes the mitochondrial membranes [167-169] (figure 1.8.). tBid and
mitochondrial membrane permeabilization are also induced in type | cells, but
they are dispensable for the activation of effector caspases [162]. Mitochondrial
membrane permeabilization leads to the release of mitochondrial pro-apoptotic
factors [170-172] (figure 1.8.). These include the two endonucleases endoG and
apoptosis-inducing factor (AlF) [173-176], cytochrome ¢, second mitochondria-
derived activator of caspase (Smac), also called direct inhibitor of apoptosis
binding protein with low pl (DIABLO) [177], and the serine protease Omi, also
called high temperature requirement protein A2 (HtrA2) [178, 179].

Cytochrome ¢ promotes the assembly of a multi-protein complex called the
‘apoptosome’ [180-182]. Cytochrome c introduces dATP or ATP-dependent
conformational changes in the cytosolic adapter molecule apoptotic peptidase
activating factor 1 (Apaf-1) [183]. These conformational changes result in the
formation of wheel-like Apaf-1/cytochrome ¢ heptamers [184-188]. The Apaf-1
CARD domain mediates the oligomerization process and recruits pro-caspase-9
[189] to form an active apoptosome [30, 190-193]. Active caspase-9 cleaves and
activates effector caspases such as caspase-3 and 7 [189, 194]. Effector
caspases enhance caspase-8 activation and apoptotic signaling in a feedback
loop. In this feedback loop, caspase-3 and 7 process caspase-6, which activates
caspase-8 [194-196].
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Figure 1.8. Release of pro-apoptotic factors from the mitochondria during
apoptosis. Intrinsic and extrinsic apoptotic cues lead to the permeabilization of
the mitochondrial membranes and the release of pro-apoptotic factors. EndoG
and AIF initiate large-scale DNA fragmentation. HtrA2 and Smac neutralize 1APs.
Cytochrome ¢ (cyt c¢) is the initiating factor for the assembly of the caspase-9
activating apoptosome protein complex (yellow oval). The active apoptosome
activates effector caspases. The combined proteolytic activity of effector
caspases and HtrA2 induces apoptosis. Death domains in the death receptor and
FADD are depicted in white, death effector domains in FADD and caspase-8 in
dark brown, and CARD domains in Apaf-1 and caspase-9 in orange.
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Mitochondrial Smac and HtrA2 block inhibitor of apoptosis proteins (IAPS)
such as XIAP [197-199]. Specifically, Smac and HtrA2 relieve IAP-mediated
inhibition of caspase-9 dimerization and caspase-3 and -7 processing [197-199].
In addition, the serine protease activity of HtrA2 expands the proteolytic capacity
of effector caspases, and processes an array of cellular substrates such as
cytoskeletal proteins and 1APs [200, 201].

1.1.6. Type Il mitochondrial apoptosis.
1.1.6.1. The mitochondrial membranes.

Mitochondria (figure 1.9.A) are surrounded by two lipid membrane bilayers
[202] that lose their integrity during apoptosis [170-172]. The inner mitochondrial
membrane (IMM) has numerous involutions, which form the typical cristae
structures [202]. Cristae are dynamic structures regulated by cristae junctions
[202]. The IMM borders the mitochondrial matrix in the lumen of the mitochondria
[202]. The space between OMM and IMM is called the intermembrane space
(IMS), while the cristae lumen separated by cristae junctions is referred to as the
intracristae space (ICS) [202]. OMM and IMM approximate in so-called ‘contact
sites’ [203].

In the absence of an apoptotic stimulus, the OMM is permeable to molecules
lighter than 5 kD due to integral voltage-dependent anion channels (VDAC) [204]
(figure 1.9.B). VDACs form B-barrel structures composed of nineteen [-strands
[205, 206]. Molecules of a molecular weight above 5 kD, such as the pro-
apoptotic molecules cytochrome ¢ and Smac, have to be actively transported
through the OMM into the IMS.

The IMM is impermeable to ions and highly polarized. The IMM potential is a
result of the metabolic activity of the mitochondria [207, 208]. Catabolic
processes, like glycolysis and the tricarboxylic acid cycle, reduce electron carriers
that ultimately accumulate in the mitochondrial matrix. In the process of oxidative
phosphorylation, four major protein complexes together with the mobile electron
carriers ubiquinone and cytochrome c transfer those electrons to oxygen and
simultaneously transport protons from the matrix to the mitochondrial IMS [207-
210].
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Figure 1.9. Mitochondrial structure and biochemical processes at the
mitochondrial membranes. A: Structure of the mitochondrion. OMM: outer
mitochondrial membrane (OMM), intermembrane space (IMS), inner
mitochondrial membrane (IMM), intracristae space (ICS). The framed area is
enlarged in B. B: Close-up into the OMM and IMM. VDAC channels allow ion
exchange through the OMM. The IMM is impermeable and highly polarized due
to oxidative phosphorylation. Reduced electron carriers pass their electrons to an
electron transport chain that consists of four major transport complexes (I-1V) and
the mobile electron carriers ubiquinone (Q) and cytochrome c¢ (C) to reduce
molecular oxygen. Electron transport drives the transport of protons from the
mitochondrial matrix into the IMS, which builds a membrane potential across the
IMM (A%W),). The IMM potential is the motor for ATP synthesis through the ATP-
Synthase complex (AS). ATP leaves the mitochondria through the joint channels
of ANT and VDAC in the mitochondrial contact sites.
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As a consequence, the mitochondrial matrix is negatively charged and basic in
comparison to the IMS [207, 208]. The proton gradient serves the generation of
ATP through the ATP synthase complex in the IMM membrane [207, 208]. ATP
leaves the mitochondrial matrix through the adenine nucleotide transporter (ANT)
in the IMM and VDAC in the OMM [211, 212]. ADP re-enters the mitochondria in
the opposite direction [213].

1.1.6.2. Bcl-2 proteins and the permeabilization of the mitochondrial outer

membrane.

The integrity of the OMM is controlled by proteins of the B-cell lymphoma-2
(Bcl-2) family that are characterized by one to four Bcl-2 homology (BH) domains
[214, 215]. The Bcl-2 family consists of three subgroups with pro- or anti-
apoptotic activity [214, 215] (figure 1.10.).

The pro-apoptotic BH3-only family is a divergent family with a single
conserved BH3 domain [214, 215]. Apoptotic cues result in post-translational
modifications, including phosphorylation, ubiquitination, and proteolytic cleavage
of BH3-only proteins. For example, caspase-8 processes the cytosolic BH3-only
protein Bid [166] to generate tBid [167, 168].

Activated BH3-only proteins directly and/or indirectly promote the
permeabilization of the OMM through a group of Bcl-2 effector proteins [214-216].
Bcl-2 effector proteins contain a transmembrane domain and four BH domains
[214, 217]. There are three Bcl-2 effector proteins, Bcl-2 associated X protein
(Bax) [218], Bcl-2 antagonist killer (Bak) [219-221], and Bcl-2 related ovarian killer
(Bok) [222]. While Bok has a restricted expression pattern and no reported
function in apoptosis [223], the presence of at least Bak or Bax is essential for
pro-apoptotic permeabilization of the mitochondrial outer membrane (MOMP)
[216]. In non-apoptotic cells, Bax locates to the cytoplasm or associates with the
periphery of the OMM [224-226]. During apoptosis, specific BH3-only proteins
dubbed ‘activator’ BH3-only proteins, like tBid [227-230], induce Bax
conformational changes [231] that induce its translocalization to the mitochondria
[224, 225] and insertion into the OMM [226]. Bak constitutively resides at the
mitochondria [232] stabilized by VDAC2 [233, 234] and anti-apoptotic Bcl-2

proteins [235]. Active Bak and Bax oligomerize in the mitochondrial OMM.
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Figure 1.10. Bcl-2 family proteins and their interactions. A: Domain structure
of representative members of the 3 classes of Bcl-2 proteins. BH: Bcl-2 homology
domain. TM: transmembrane domain. *: optional domain for this class.(Adapted
from [214].) B: Diagram of the interactions between Bcl-2 proteins. An apoptotic
cue activates BH3-only proteins. Activating BH3-only proteins activate the
effector Bcl-2 proteins Bak and Bax to induce mitochondrial outer membrane
permeabilization (MOMP). Anti-apoptotic Bcl-2 proteins sequester BH3-only and
Bcl-2 effector proteins to inhibit their pro-apoptotic activity. Sensitizer BH3-only
proteins antagonize the activity of anti-apoptotic Bcl-2 proteins.
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In the initial step of oligomerization, both Bak and Bax homo-dimerize [236,
237]. Subsequently, Bak and Bax dimers form higher order oligomers through
dimer-dimer interactions [238-240]. Oligomerized Bak and Bax form toroidal
pores [241] in the OMM that release pro-apoptotic factors, such as cytochrome c,
from the mitochondria [242-244].

Anti-apoptotic Bcl-2 proteins control and antagonize the pro-apoptotic activity
of BH3-only and Bcl-2 effector proteins [214, 215, 245]. Anti-apoptotic Bcl-2
proteins contain three to four BH domains and a transmembrane domain that
anchors them in the OMM, the endoplasmatic reticulum, or the nuclear envelope
[246-252]. In addition, anti-apoptotic Bcl-2 proteins may reside in the cytoplasm
[215]. Typical group members are Bcl-2 [253-257], and Bcl-2 related gene, long
isoform (Bcl-x,) [214, 215]. Anti-apoptotic Bcl-2 proteins antagonize activated pro-
apoptotic Bcl-2 proteins by sequestration [218, 235, 258-262]. Active
‘derepressor/sensitizer’ BH3-only proteins relieve or prevent the sequestration of
pro-apoptotic Bcl-2 proteins by anti-apoptotic Bcl-2 proteins [227-229, 259, 260,
263].

1.1.6.3. Permeabilization of the mitochondrial inner membrane.

Even though MOMP is sufficient to induce caspase activation and apoptosis, it
also affects the integrity of the IMM [171]. Most importantly, MOMP progressively
blocks electron transport through the respiratory chain with deadly consequences
for the cell [171]. Part of the decline of the mitochondrial electron transport may
be due to the loss of the essential soluble electron carrier cytochrome ¢ from IMS
and ICS to the cytoplasm [171]. Furthermore, the loss of OMM integrity allows the
flux of cytosolic effector caspases into the IMS, which process components of the
respiratory chain complexes [171]. For example, effector caspases process the
essential 75 kD complex | subunit NADH-ubiquinone oxidoreductase (NDUFS1)
[264]. Complex Il activity is also reduced in a caspase-dependent manner,
however, the structural basis for that observation is not resolved [264, 265]. As a
result, electron transport declines and the IMM transmembrane potential
dissipates. All processes that depend on the IMM potential, such as ATP
synthesis, come to a halt. The destruction of specific subunits of respiratory chain
complexes and release of cytochrome c¢ also uncouples electron transport and

leads to the overproduction of reactive oxygen species (ROS) [264, 266].
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ROS damage the mitochondrial membranes [267, 268], proteins, and DNA,

and modulate cellular signaling pathways to amplify the apoptotic signal.

MOMP also leads to a phenomenon called ‘mitochondrial permeability
transition’ [269]. Mitochondrial permeability transition is caused by the opening of
a pore that originates in the IMM, which allows unselective ion flux through the
IMM. Permeability transition leads to a massive influx of water into the
mitochondrial matrix, which results in matrix swelling, remodeling of the cristae,
local rupture of the OMM due to its smaller surface [270] and additional spill of

pro-apoptotic molecules from the IMS [271].

The molecular composition of the so-called ‘mitochondrial permeability
transition pore’ (MPTP) is unknown [172]. The MPTP is proposed to be a multi-
protein complex of roughly 600 kD [212, 272] that resides at contact sites
between the OMM and IMM [269, 273-278]. While the exact composition of the
MPTP is unknown, a number of proteins are implicated in MPTP activity. These
proteins include VDAC in the OMM, ANT in the IMM, the peripheral
benzodiazepine receptor (PBR) and hexokinase on the cytosolic site of the OMM,
creatine kinase (CK) in the IMS, and cyclophilin D (CypD) on the IMM facing the
mitochondrial matrix [212, 279]. However, all studies to date have failed to

identify a single essential component of the MPTP complex [280-285].

1.2. Hexokinases.
1.2.1. Hexokinase isozymes.

There are four distinct human isozymes of hexokinase; HK1 [286], HK2 [287],
HK3 [288], and HK4 (also called glucokinase) [289-292] with different enzyme
kinetics, regulatory properties, intracellular distribution, and expression patterns
[293-296]. Human HKs originate from a 50 kD ancestral hexokinase (figure
1.11.). 50 kD HK4 is most closely related to the ancestor hexokinase. 100 kD
HK1 to 3 developed through gene duplication and fusion events and therefore
contain highly similar amino- and carboxyl-terminal domains [297-300]. Both

domains are catalytically active in HK2.
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Figure 1.11. Evolution of human hexokinases. A: Human HKs likely derived
from a 50 kD ancestral HK with relation to the 50 kD human HK4. Duplication and
fusion of the gene encoding the ancestral HK created the 100 kD HK2 with two
highly similar and catalytically active hemidomains. The amino-terminal
hemidomain in HK1 and HK3 evolved into a regulatory domain without catalytic
activity. (Adapted from [301].) B: Phylogram of human HKs. Sequence alignment
of the four human HKs reveals that human HK1 and HK2 are most closely related
to each other.

26



Only the carboxyl-terminal domains are catalytically active in HK1 and HKS3,
and the amino-terminal domains adopted regulatory functions [299]. A full
sequence alignment of all four human HKs is shown in appendix 1. The fact that
most mammalian tissues express a specific combination of multiple isozymes
[302, 303] suggests a diversification of the roles of HKs in different tissues and

perhaps locations within the cell.

HK1 is ubiquitously expressed with enhanced expression in brain and kidney
[293, 302]. In 1953, Crane and Sols found 80% to 90% of cellular HK activity from
brain homogenates (which refers to HK1 activity) in the ‘particulate fraction’ [304].
They proposed that the ‘particulate fraction’ constitutes the mitochondria, which
was corroborated a few years later [305, 306] and extended subsequently to
many primary tissues and cancerous cell lines. The mitochondrial HK1 pool
stands in dynamic and regulated exchange with a smaller cytosolic HK1 pool
[307].

Mitochondrial HK1 associates with the OMM [306, 308], but lacks a distinct
transmembrane domain. Chymotryptic digestion of HK1 abolished its association
with the mitochondria [306, 309] and with a hydrophobic matrix [309]. These
findings demonstrated that the hydrophobic amino-terminus of HK1, selectively
removed by chymotrypsin, mediates the interaction with the mitochondrion [310-
312]. Subsequent studies showed that the amino-terminus of HK1 inserts into the
hydrophobic core of the OMM [313] and that the fifteen amino-terminal amino
acids were necessary and sufficient to target HK1 to the mitochondria [311].
However, the binding is most likely supported by hydrophobic and electrostatic
interactions with other regions of HK1 [306, 314, 315].

HK1 interacts with VDAC in the OMM [316-318]. Interestingly, HK1
preferentially binds to VDAC in contact sites of the OMM with the IMM [319-321].
Humans express three isoforms of VDAC, VDAC1, VDAC2, and VDAC3 [322-
324], and several studies demonstrated interactions between HK1 and VDACL1
[325, 326]. HK1 exhibited a higher affinity for VDAC1l in isolated yeast
mitochondria that expressed human VDAC1 or VDAC2 [322, 327]. However,
studies with super resolution microscopes showed that all 3 VDAC isoforms

colocalize to varying degrees with HK1. The highest level of colocalization was
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observed with VDAC3, and lower degrees of colocalization existed between HK1
and VDACL1 or VDAC2 [328]. The interaction of VDAC1 with HK1 requires the
VDACL1 carboxyl-terminal extramitochondrial domains [315, 327] as well as the
conserved membrane-facing glutamate residue seventy three of the VDAC1 3-
barrel [329, 330]. Recently, a computational model based on the crystal
structures of VDAC1 and HK1 with a modeled amino-terminus suggested that the

fifteen amino-terminal amino acids of HK1 insert into the VDAC1 pore [331].

HK2 is the principal regulated isozyme in many cell types [332-335], and is
highly expressed in insulin-sensitive tissues, such as skeletal muscle and adipose
tissue. In addition, HK2 is highly expressed in many cancers [301, 302, 336]. Like
HK1, HK2 is mitochondrial in various mammalian tissues and cancerous cell lines
[301, 337-339], and the hydrophobic amino-terminus of HK2 is the basis for this
mitochondrial interaction [312, 339]. A cell-permeable peptide, which mimics the
amino-terminus of HK2 displaces HK2 from the mitochondria [340-342], but the
effect of the same peptide on HK1 has not been examined. However, HK1 and
HK2 compete with each other in mitochondrial re-binding experiments, which
suggest identical binding mechanisms [339]. Interactions between HK2 and
mitochondria are dynamic and regulated, and balanced with a cytosolic HK2 pool
[293].

HK3 is characterized by a broad expression pattern with enriched expression
in lung and spleen [293, 295]. HK3 lacks an amino-terminal hydrophobic
sequence and localizes to the cytoplasm [293].

HK4 expression is regulated by the hormones that control glucose
homeostasis [343] and predominantly found in the liver and the B-cells of the
pancreas [344-346]. HK4 localizes to the cytoplasm or is sequestered by
glucokinase regulatory protein (GKRP) and transported to the nucleus to
downregulate cytosolic HK4 levels [347, 348]. Although HK4 lacks the amino-
terminal hydrophobic sequence that mediates mitochondrial localization [310,
312], there are indications that it establishes an indirect association with
mitochondria [349, 350].
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1.2.2. Hexokinase function.
1.2.2.1. Hexokinases and metabolism.

HKs are best known for their role in cell metabolism. They catalyze the transfer
of a phosphoryl group from ATP to the 6-hydroxyl of a hexose to yield the 6-
phosphoester [293]. Most commonly, HKs convert glucose into glucose-6-
phosphate. This is the initial reaction in glycolysis, the pentose phosphate
pathway and glyconeogenesis [293] (figure 1.12.). Glycolysis, the tricarboxylic
acid cycle, and phosphorylative oxidation in the mitochondria are the main
pathways for the production of energy equivalents (ATP) in the cell. Some
glycolytic intermediates, such as glyceraldehyde 3-phosphate and pyruvate, are
also used as building blocks in anabolic processes [293]. In contrast, the pentose
phosphate pathway has an exclusively anabolic role. It delivers glucose-derived
intermediates for the synthesis of nucleotides and aromatic amino acids and the
reducing equivalent NADPH for reductive synthetic reactions [293]. Glucose-6-
phosphate is also the precursor for the polymeric glycogen, which is the non-
osmotic storage product of glucose. Glycogen storage allows the quick release of
glucose in case of a sudden energy demand [293]. The relative importance of
those pathways depends on the specific situation and tissue. Therefore it was
proposed that the selective expression of individual HK isozymes with different
affinities for glucose, ATP and inhibitors, is an adaption to the specific metabolic
needs of those tissues [293].

HK1 likely has the strongest ties to cellular energy metabolism and channels
glucose into the glycolytic pathway [293]. HK1 is ubiquitously expressed, and its
expression levels are especially high in the brain, a tissue known for high energy
demand and strong reliance on glycolysis to meet that demand [351]. Like HK2
and HKS3, HK1 is inhibited by its product glucose-6-phosphate [293]. However, in
contrast to the other HKs, the presence of inorganic phosphate (Pi) attenuates
the feedback-inhibition [293]. Pi is generated in situations of high energy demand
due to the hydrolysis of high energy phosphate compounds, like ATP. Thus, the
derepression of HK1 through Pi points to a glycolytic, ATP-generating role for
HK1 [293].
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Figure 1.12. The metabolic function of hexokinases. HKs convert glucose into
glucose 6-phosphate. Glucose 6-phosphate is the base product for
gluconeogenesis to build a glucose store, for glycolysis to generate energy
equivalents, and for the pentose phosphate pathway to synthesize building blocks
and reduction equivalent NADPH for anabolic reactions. (Adapted from [293].)
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Furthermore, mitochondrial HK1 exclusively uses intramitochondrial ATP as a
substrate [352-356], which leaves the mitochondria through ANT in the IMM and
VDAC in the OMM [211, 212]. The resultant ADP re-enters the mitochondria
through same channels [213]. Therefore, mitochondrial HK1 couples the rates of
intramitochondrial oxidative phosphorylation and ATP production with the rates of
cytosolic glycolysis. In addition, the mitochondrial localization of HK1 dampens
the inhibitory effect of glucose-6-phosphate on the rate of glycolysis, and
increases HK1 activity [301]. An additional factor in the regulation of glycolytic
activity is therefore the localization of HK1 either to the mitochondria or to the
cytosol. Growth factors promote the interaction of HK1 with the mitochondria
[357], and glucose-6-phosphate has a dissociating effect [358, 359]. Pi, ATP,
glucose and the pH are additional regulators of the subcellular localization of HK1
[306, 307, 360-362].

The inhibitory influence of Pi on HK2 and HK3 activity may suggest that both
play an anabolic role and channel glucose into the pentose phosphate pathway or
gluconeogenesis [293]. In addition, HK2 has an anabolic role during lipid
synthesis in the liver [363] and in the lactating mammary gland [364]. In
hepatoma cells, mitochondrial HK2 also preferably uses intramitrochondrial ATP
[365]. However, the existence of such a coupling mechanism has not been

demonstrated for unmodified cells to date [293].

HK4 is not regulated by glucose-6-phosphate or by Pi [366]. In comparison to
the other HKs, HK4 has a very low affinity for glucose [366], probably due to
structural differences in its active center caused by the absence of the second
hemidomain. However, this seems the ideal adaption for its role as part of a
glucose sensing mechanism to regulate insulin release from the pancreatic [3-

cells and to regulate glucose uptake and utilization in the glucose-rich liver [366].

1.2.2.2. Hexokinases and apoptosis.

In recent years, there is accumulating evidence that HKs also exhibit anti-
apoptotic functions. Specifically, HKs contribute to the anti-apoptotic effects of
growth factor signaling. Growth factors signal through phosphatidylinositide 3-
kinases (PI3Ks) and Akt/protein kinase B (PKB) to stimulate metabolism and to

inhibit apoptosis upstream of cytochrome c release [367]. The anti-apoptotic roles
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of growth factors require glucose and HK activity, and involve an increase of
mitochondrial, but not general HK activity [357, 368]. The anti-apoptotic role of
growth factors is mimicked by induced expression of HK1 [357, 368, 369] or HK2
[340, 370] and disturbed by peptides or chemicals that displace HKs from the
mitochondria [340-342]. These findings suggest that growth factor signaling
prevents pro-apoptotic cytochrome c release from the mitochondria by promoting

HK-mediated glucose metabolism at the mitochondria (figure 1.13.).

There are several theories about the molecular consequences of HK
association with mitochondria and the inhibition of mitochondrial apoptosis
[295].The first theory suggests that mitochondrial HKs impact the conductance of
the VDAC channels with effects on the permeability of the mitochondrial
membranes [295]. One model proposes that mitochondrial HKs maintain VDAC
channels in the open state [371] and is in line with the fact that mitochondrial HKs
exclusively use mitochondrial ATP [293]. The model is supported by the
observation that the decrease of mitochondrial HKs during growth factor
deprivation correlates with the accumulation of phospho-creatin in the IMS and
the acidification of the cytoplasm [357, 372]. Both effects are signs of VDAC
closure and blockade of the ATP/ADP and pyruvate/metabolit transport through
the OMM [357, 372]. Growth factor deprivation also leads to a decrease of the
IMM potential, mitochondrial matrix condensation and cristae unraveling that
facilitates the release of cytochrome c [373]. Therefore, the presence of HKs at
the mitochondria and the execution of its metabolic function would promote cell

survival.

An alternative model suggests that mitochondrial HKs lead to VDAC channel
closure. This model is based on the ability of purified HK1 to decrease the in vitro
conductivity of purified VDAC reconstituted into planar lipid bilayers by
approximately 70% [374]. The model is also based on the assumption that during
apoptosis cytochrome c is released via VDAC and argues that HK-induced VDAC
closure prevents MPTP formation [329, 374]

A second hypothesis proposes that the anti-apoptotic activity of HK results
from its competition with Bcl-2 proteins for the binding to VDAC [295]. VDAC, HK
and Bcl-2 proteins may all meet and interact at mitochondrial contact sites.
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Figure 1.13. Mitochondrial HKs and their anti-apoptotic role in growth factor
signaling. A: Domain structure and N-terminal sequence of human HK1 and
HK2. Both HKs consist of two highly similar hemidomains that are catalytically
active in HK2 (C), or have evolved into a regulatory (R) and a catalytic domain
(C) in HK1. The sequences of the first fifteen amino-terminal amino acids of HK1
and HK2 are shown. Red amino acids are hydrophobic, green amino acids are
polar, blue amino acids are charged and acidic, and pink amino acids are
charged and basic. B: The anti-apoptotic role of mitochondrial HKs in growth
factor signaling. Growth factor signaling promotes the interaction of HK1 and HK2
with the mitochondria through activation of AKT and inhibition of GSK3.
Mitochondrial HKs attenuate intrinsic apoptosis.
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Contact sites are rich in HK and the charged phospholipid cardiolipin [375].
Cardiolipin is also the reported requirement for mitochondrial tBid localization and
Bak and Bax-mediated cytochrome c¢ release [376-380]. Furthermore, purified
VDAC reconstituted in detergent lipid micelles interacted with anti-apoptotic Bcl-x,
and pro-apoptotic Bak and Bax [381, 382]. The large HK tetramer [211, 383-385]
might thus sterically hinder the mitochondrial binding of anti-apoptotic Bcl-2
proteins, or the binding and oligomerization of pro-apoptotic Bak and Bax. In
support of this hypothesis, Pastorino et al. [340] demonstrated that displacement
of HK2 from mitochondria with chemicals or a specific HK2 peptide allowed Bax
binding, cytochrome c release and apoptosis. Ectopic expression of HK2 had the
opposite effect. In other studies, the ectopic expression of HK1 or the amino-
terminal hemidomain of HK2 attenuated the exposure of the Bax amino-terminus,
while the decrease of mitochondrial HK activity after glucose deprivation led to
increased Bax oligomerization at the mitochondria [368, 370]. However, it was
also observed that the prolonged displacement of mitochondrial HKs or growth
factor withdrawal led to cytochrome c release and apoptosis in the absence of
Bak and Bax, albeit with much slower kinetics [341]. This suggests that the
hindrance of Bak and Bax activation at the mitochondria may be only one of the
anti-apoptotic mechanisms of mitochondrial HKs.

The mechanism, by which growth factors mediate the interaction of HK1 and
HK2 with the mitochondria, is unknown. As growth factor signaling impacts
metabolism at various points, a network of indirect factors are conceivable.
However, one of two direct effects of growth factor signaling on the interaction of
HKs with VDAC, is the phosphorylation of VDAC1 on the conserved threonine
fifty one [386]. Threonine fifty one is on the cytosolic side of VDAC1, and the
mutation of threonine fifty one prevents the binding of HK2 to VDAC1 [386].
Interestingly, threonine fifty one positions close to glutamate seventy three of
VDAC1, which was shown to be critical for HK1 binding to VDACL1 [329, 330].
Glycogen synthase kinase 3B (GSK3p) phosphorylates VDACL on threonine fifty
one [386]. In the presence of growth factors, Akt constitutively inhibits GSK3p
[387]. Therefore, growth factor deprivation derepresses GSK3B and VDAC1
phosphorylation and detaches mitochondrial HK2 [386].
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There are also Akt phosphorylation motifs on HK2, and phosphorylation of one
of those motifs on threonine four hundred seventy three increases HK2

interaction with the mitochondria [388].

1.2.2.3. Hexokinases and cancer.

Many tumors exhibit a marked increase in the expression of HKs, and
particularly in the expression of mitochondrial HKs [389-395]. The upregulation of
mitochondrial HKs contributes, at least in part, to a classic biochemical phenotype
associated with cancer. The ‘Warburg effect’, named after its discoverer Heinrich
Otto Warburg, describes the shift of cancer cells to a glycolytic energy
metabolism irrespective of the availability of oxygen [396]. Normally, the presence
of oxygen slows glycolysis and employs oxidative phosphorylation as a more
efficient way to produce ATP (Pasteur effect). To cover the immense demand for
energy in rapidly growing cancer cells exclusively by glycolysis, the rates of
glucose uptake and glycolysis increase dramatically. In addition, the
accumulation of the reducing equivalent NADH in the absence of oxidative

phosphorylation results in the conversion of pyruvate into lactate.

The reasons for the glycolytic phenotype of cancer cells are insufficiently
explained. Vander Heiden et al. [397] proposed that the increased need for
building blocks and the reducing equivalent NADPH for anabolic processes in
proliferating cancer cells trumps the need for ATP. The fact that most of those
building blocks are intermediates of glycolysis or the first steps of the tricarboxylic
acid cycle provides a reasonable explanation for why glucose is not degraded to
the final product CO, to maximize energy gain. For example, the production of
NADPH requires the introduction of glucose into the pentose phosphate pathway
as opposed to entry into glycolysis [397]. The hypoxic conditions in the early
stages of cancer development are likely a supporting factor in the shift of
metabolic balance away from oxidative phosphorylation [398]. Hypoxia activates
hypoxia inducible factor (HIF) transcription factor, which upregulates the glucose
transporter Glutl as well as HK2 and HK3 [333, 399, 400]. Together with
common oncogenic mutations that affect proliferation and metabolism [397] these
factors likely lead to the Warburg effect. Another intriguing possibility is that
cancer cells gain a powerful advantage through the anti-apoptotic effect of a high

glycolytic rate coupled with mitochondrial association of HKs.
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The signature appearance of the ‘Warburg effect’ in cancer cells also led to the
development of the major cancer detection system worldwide. In positron
emission tomography (PET), the radio labelled glucose analog 2-[**F]fluoro-2-
deoxy-glucose (FDG) is administered and taken up into cells through regular
glucose transporters. Intracellular HKs generate FDG-6-phosphate, which is not
further metabolized [401]. Based on the levels of accumulated FDG-6-phosphate,
PET draws a three-dimensional image of the levels of glucose transport and
glycolytic activity in the human body and is an excellent tool to diagnose and

stage cancer.

1.3. RNA interference.

RNA interference (RNAI) is a highly efficient post-transcriptional gene silencing
mechanism that is induced by double-stranded RNA (dsRNA) molecules [402,
403]. RNAI is an evolutionarily ancient regulatory mechanism that controls gene
expression, safeguards genomes against transposable elements, and protects
host cells against viral invaders [402, 403]. Functional RNAi machinery has been
characterized in representatives of the plant, animal and fungal kingdoms [402,
403].

There are at least two converging RNAI pathways in cells of these organisms
(figure 1.14.). The micro RNA (miRNA) pathway regulates cellular translation
[402, 403]. Bioinformatics studies suggested that the expression of more than
60% of all human genes are regulated through RNAi-dependent mechanisms
[404]. The miRNA pathway begins with the transcription of a miRNA-coding gene
in the nucleus [405, 406]. The resultant primary transcript (pri-miRNA) undergoes
extensive post-translational modification [405, 406]. The RNase activity of the
RNase Il Drosha creates a sixty five to seventy five base pair stem-loop structure
with incomplete double-stranded character [406-408]. The so-called pre-miRNA is
exported to the cytoplasm [409, 410], where the double-stranded portion binds to
the cytosolic RNase Ill Dicer [406, 411]. Dicer RNase activity generates the
mature double-stranded miRNA of around twenty one to twenty three base pairs
with a two nucleotide overhang on both 3’ ends [406, 411].
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Figure 1.14. The RNAi pathway and its technological application in
vertebrate cells. Dicer processes foreign long dsRNAs and precursors of
miRNA-encoding genes into siRNAs and miRNAs, respectively. siRNAs and
miRNA guide strands are incorporated into RISC and lead to destruction and
translational repression of target mRNAs, respectively. Vertebrate cells are
transfected or transduced with synthetic siRNAs (1) or plasmids encoding miRNA
precursors (2) to inhibit translation of specific target proteins.
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Invertebrate, plant, and fungal orthologs of Dicer process long dsRNA
molecules of viral origin into a series of short interfering RNA (siRNA) duplexes
[412-414]. siRNA duplexes are roughly twenty one to twenty three nucleotides

long with two nucelotide overhangs at the 3' end [412-414].

Cytosolic RNA-induced silencing complexes (RISCs) separate miRNA and
siRNA duplexes into two RNA single strands [414, 415]. RNA-binding argonaute
proteins integrate one of the strands, the so-called the guide strand, into the
RISC complex [414-420]. The complementary passenger strand is cleaved,
released and destroyed by exonucleases [414, 421]. siRISCs usually target viral
transcripts and single-stranded RNA genomes with perfect sequence
complementarity [402, 403, 414]. miRISCs require a sequence match between
nucleotides two to eight of the 5’ end of the guide strand (seed region) and the
MRNA and allow for a degree of mismatch between the remaining nucleotides
[422-428].

Activated RISCs silence mRNAs through several mechanisms. siRISCs
usually instruct argonaute-dependent endonucleolytic destruction of foreign RNA
transcripts and genomes [429-431]. The RNA cleavage products are degraded.
mMiRISCs more frequently repress translation of the target mRNAs through

interference with the translation machinery [402, 403, 432].

Given that the RNAI pathway efficiently silences translation of specific target
transcripts, the mechanism was soon exploited to artificially deplete gene
products of choice. Invertebrate cells readily take up and tolerate five hundred to
seven hundred base pair dsRNAs that they channel into the RNAi pathway to
deplete target mMRNAs with matching sequence [433-435]. Long dsRNAs are not
taken up by vertebrate cells and cause potent innate immune responses if
introduced by other means [433, 436]. Therefore, vertebrate cell lines are
transfected with non-immunogenic siRNAs of around twenty one base pairs [437]
and plasmid-based miRNA precursors (short hairpin RNAs, shRNAs) [438] or
transduced with shRNAs packaged into viral vectors [439] (figure 1.14.).
Sequence-specific siRNAs form siRISCs that destroy complementary mRNAs
[440].
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RNAI technology reached one of its high points with the construction of RNAI
libraries that cover entire genomes of mammals (for example, human and mouse
genomes [441-448]) and invertebrates (for example, Drosophila melanogaster
[449, 450] and Caenorhabditis elegans [451-453]). These libraries allow the
systematic depletion of cellular gene products to identify regulators of

biomedically relevant cellular processes.

1.4. Project objectives.

In the present study, | examined the regulation of cell fate in the presence of
the cytokine TNF. TNF signals through NF-kB, JNK, and caspase modules to
drive physiological responses that range from inflammation to cell death. The
balance between the individual modules determines the nature of the response,
and deregulated TNF signaling has been implicated in numerous pathological
conditions. Therefore, it is essential to understand the activation of the TNF-
dependent modules and the integration of signals from each module. | sought to
address these questions with an siRNA screen for regulators of TNF-dependent
cell death. | reasoned that siRNA-mediated protein depletion will help me to
identify critical, non-redundant players in the pathway. Such gene products could
be important candidates for the treatment of inflammatory diseases, and diseases

with a disturbed balance of survival or death signaling, such as cancer.

This question is addressed in two sections of this thesis:

1. Development of a high-throughput siRNA assay for modifiers of TNF-
induced death (chapter 3).

In this section | established a cell culture system, siRNA transfection, and a
viability assay for an siRNA screen for modifiers of TNF-induced apoptosis. The

results of the screen are presented in chapter four:
2. An siRNA screen for modifiers of TNF-induced apoptosis (chapter 4).

In the siRNA screen for modulators of TNF-induced death, | identified HK1 as
a negative regulator of TNF-induced death in cell culture assays. In the light of
the reports of the anti-apoptotic role of mitochondrial HKs in growth factor
signaling [340-342, 357, 368-370], | hypothesized that:
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(1) HK1 is a negative regulator of extrinsic death receptor-induced
apoptosis.

(2) HK1 acts at the mitochondria to block TNF-dependent cell death.
These hypotheses are examined in chapter five of the thesis:

3. Characterization of HK1 as an anti-apoptotic protein (chapter 5).
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CHAPTER 2. MATERIALS AND METHODS.
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2.1. Buffers and media

All buffers are listed in alphabetical order and were prepared in Milli-Q

ultrapure water unless indicated otherwise.
v/v: volume per volume, w/v: weight per volume

DNA gel loading buffer (6X)
30 mM Tris, pH=7.5
36% glycerol (v/v)
0.15% bromophenol blue (w/v)
0.15% xylene cyanol (w/v)

DNA resuspension buffer for plasmid mini preparations
1 pl 10 mg/ml RNase A (Sigma)
200 I TE

EB elution buffer for QIAquick spin columns for PCR purification and gel
extraction (Qiagen)
10 mM Tris, pH = 8.5

Fractionation buffer for cellular fractionation
200 mM mannitol
70 mM sucrose
10 mM HEPES, pH=7.5
1 mM EGTA, pH=8.0

LB (Luria Bertani) bacterial growth medium (500 ml)
5 g tryptone (BD)
2.5 g yeast extract (BD)
5 g NaCl
7.5 g Agar (Sigma) (for culture plates)
autoclaved

Lysis buffer 1, general lysis buffer for Western blotting
20 mM Tris, pH=7.5
25 mM glycerol-2-phosphate
150 mM NacCl
1% Triton X-100 (v/v)
2 mM NazgVO,
1 mM PMSF
0.04% 1 protease inhibitor cocktail tablet/2 ml (Roche, 11873580001)(v/v)
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Lysis buffer 2 for immunoprecipitation of complex Il
20 mM HEPES, pH=7.5
150 mM NacCl
1%Triton X-100 (v/v)
10% glycerol (v/v)
1 mM PMSF
0.04% 1 protease inhibitor cocktail tablet/2 ml (Roche, 11873580001)(v/v)

Lysis buffer 3 for lysis of the heavy membrane/mitochondrial fraction
150 mM NaCl
50 mM Tris, pH=7.5
5 mM EGTA, pH=8.0
2% CHAPS (w/v)

Lysis buffer 4 for the caspase activity assay
20 mM HEPES, pH=7.5
150 mM NacCl
10% glycerol (v/v)
2% CHAPS (w/v)

P1 bacterial resuspension buffer for plasmid mini preparations/TE
10 mM Tris, pH=7.5
1 mM EDTA, pH=8.0

P1 bacterial resuspension buffer for plasmid midi preparations (Qiagen)
50 mM Tris, pH=8.0
10 mM EDTA, pH=8.0
100 pg/ml RNase A

P2 bacterial lysis buffer for plasmid mini preparations
200 mM NaOH
1% SDS (w/v)

P2 bacterial lysis buffer for plasmid midi preparations (Qiagen)
200 mM NaOH
1% SDS (w/v)

P3 neutralization buffer for plasmid mini preparations
3M potassium acetate, pH=5.5

P3 neutralization buffer for plamid midi preparations (Qiagen)
1M potassium acetate, pH=5.5
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PB DNA resuspension buffer for PCR purification (Qiagen)
5 M guanidine hydrochloride
30% isopropanol (v/v)
pH=5.0

PBS buffer (10X)
1.4 M NaCl
27 mM KCl
100 mM Na,HPO, - 7H,0
14 mM KH,PO,

PBT buffer
0.1% Tween-20 (v/v)
in PBS

PE wash buffer for QIAquick spin columns for PCR purification and gel
extraction (Qiagen)

10 mM Tris, pH=7.5

80% ethanol (v/v)

QC wash buffer for QIAGEN-tips for plasmid midi preparations (Qiagen)
1 M NaCl
50 mM MOPS, pH=7.0
15% isopropanol (v/v)

QBT equilibration buffer for QIAGEN-tips for plasmid midi preparations
(Qiagen)

750 mM NacCl

50 mM MOPS, pH=7.0

15% isopropanol (v/v)

0.15% Triton X-100 (v/v)

QF elution buffer for QIAGEN-tips for plasmid midi preparations (Qiagen)
1.25 M NacCl
50 mM Tris, pH=8.5
15% isopropanol (v/v)

QG agarose gel dissolution buffer for gel extraction (Qiagen)
5.5 M guanidine thiocyanate
20 mM Tris, pH = 6.6
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Saponin buffer
0.2% saponin (w/v)
0.1% BSA (w/v)
in PBS

Sample buffer (2X)
62.5 mM Tris, pH=6.8
10% glycerol (v/v)
2% SDS (w/v)
50mM B-mercaptoethanol (BioShop)
0.00125% bromophenol blue (w/v)

Sample buffer (2X) with urea for PARP1 Western blots
62.5 mM Tris, pH=6.8
10% glycerol (v/v)
2% SDS (w/v)
50mM B-mercaptoethanol (BioShop)
0.00125% bromophenol blue (w/v)
8 M urea

Sample buffer (2X) with 2X B-mercaptoethanol for cross-linking
experiments

62.5 mM Tris, pH=6.8

10% glycerol (v/v)

2% SDS (w/v)

100 mM B-mercaptoethanol (BioShop)

0.00125% bromophenol blue (w/v)

Sample buffer (6X)
187.5 mM Tris, pH=6.8
30% glycerol (v/v)
6% SDS (w/v)
150 mM B-mercaptoethanol (BioShop)
0.00375% bromophenol blue (w/v)

SDS-PAGE resolving gel
380 mM Tris, pH=8.8
8-13.5% 29:1 acrylamide:bisacrylamide solution (Bio-Rad)
0.1% SDS (w/v)
0.1% APS (w/v)
0.1% TEMED (v/v)(Sigma)
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SDS-PAGE stacking gel
125 mM Tris, pH=6.8
5% 29:1 acrylamide:bisacrylamide solution(Bio-Rad)
0.1% SDS (wiv)
0.1% APS (w/v)
0.1% TEMED (v/v) (Sigma)

SDS-PAGE running buffer (10X)
250 mM Tris
2 M glycine
1% SDS (w/v)

TAE buffer (50X)
2 M Tris
500 mM EDTA, pH = 8.0
5.71% glacial acetic acid (v/v)

TE buffer
10 mM Tris, pH=7.4
1 mM EDTA, pH=8.0

Transformation solution 1 (2X) for the generation of competent cells
200 mM CacCl,
20 mM MgCl,
10 mM RuCl,
filter sterilized

Transformation solution 2 for the generation of competent cells
100 mM CacCl,
10 mM MgCl,
5 mM RuCl,
10% glycerol (v/v)
filter sterilized

Western blot transfer buffer
25 mM Tris
192 mM glycine
0.37% SDS (m/v)
20% methanol (v/v)
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Reaction buffer for the caspase activity assay
10 mM HEPES, pH=7.5
50 mM NacCl
0.5 mM EDTA
10% glycerol (v/v)
0.1% CHAPS (w/v)
10 mM DTT

2.2. DNA cloning
2.2.1. Expression constructs

The NF-kB reporter construct pNF-kBluc was received from Dr. Michele Barry
(University of Alberta, Edmonton, AB). The control reporter plasmid pRL-TK was

purchased from Promega.

The pEGFP-N1 vector (Invitrogen) was received from Dr. Michele Barry. A
glycerol stock of Escherichia coli transformed with the cDNA for HK1 (variant 1) in
plasmid pOTB7 was purchased from Open Biosystems. A single colony of the
glycerol stock was used (chapter 2.2.4.) to set up a midi culture (chapter 2.2.5.
and 2.2.6.) for plasmid isolation (chapter 2.2.7 and 2.2.8.). To generate a
carboxyl-terminally tagged full-length HK1-GFP and a HK1-GFP construct lacking
the twenty one amino-terminal amino acids (HK1A21-GFP), HK1 cDNA was
amplified with a forward primer that contained a Sacl restriction site and a reverse
primer that contained a Pstl restriction site and eliminated the carboxyl-terminal
stop codon (table 2.1. and chapter 2.2.9.). The forward primer for HK1A21-GFP
replaced amino acid twenty one of HK1 with methionine and annealed at the
codon for amino acid twenty two to create a deletion of the twenty one HK1
amino-terminal amino acids (table 2.1.). The PCR products were analysed by
agarose gel electrophoresis (chapter 2.2.10.), purified (chapter 2.2.11.) and
subcloned into the vector pEGFP-N1 (Invitrogen)(chapter 2.2.12. to chapter
2.2.17.). Mini (chapter 2.2.18.) and midi cultures (chapter 2.2.6) were set up to
amplify the corresponding constructs and verified by analytical restriction digests
(chapter 2.2.19.). The HK1-GFP construct was used as the template to generate
the expression construct for catalytically inactive HK1S603A-GFP (chapter
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2.2.21)). Primer sequences are listed in table 2.1. The complete HK1-GFP
construct in pEGFP-N1 is depicted in appendix 2.

The pcDNA3 vector (Invitrogen) was received from Dr. Michele Barry
(University of Alberta, Edmonton, Alberta). The expression vector for human Bcl-
2 was received from Dr. Ing Swie Goping (University of Alberta, Edmonton,
Alberta) and had been generated by ligating the Bcl-2 mRNA that contained the
Bcl-2 open reading frame (ORF) and flanking untranslated regions into the EcoRI

site of the pcDNA3 vector.

All constructs were sequenced (chapter 2.2.20.) using sequencing primers
listed in table 2.1.

Table 2.1. List of primer sequences. Restriction sites are underlined.
Fragments of the HK1 ORF are printed in italics. The codon containing the S603A
substitution in HK1 is printed in bold.

construct primer

HK1-GFP F(Sacl, HK1 amino terminus):
5-AATTGAGCTCATGATCGCCGCGCAGCTCCTG -3’
R(Pstl, HK1 carboxyl terminus):
5-AATTCTGCAGGCTGCTTGCCTCTGTGCGTAAC -3’
HK1S603A F: 5-ATGCCTCTGGGCTTCACGTTCGCCTTTCCCTGCCAG
-GFP CAGACGAGT -3

R: 5-ACTCGTCTGCTGGCAGGGAAAGGCGAACGTGAAGC
CCAGAGGCAT -3

HK1A21 F(Sacl, HK1 amino terminus lacking first twenty one amino
-GFP acids):
5-AATTGAGCTCATGATTGACAAGTATCTCTATGCC-3’
R(Pstl, HK1 carboxyl terminus):
5-AATTCTGCAGGCTGCTTGCCTCTGTGCGTAAC -3’

HK1 F: 5-AAATGGGCGGTAGGCGTGTACGG-3’
sequencing 1
HK1 F: 5-TGGGAGATTTCATGGAGAAAAGGAAGATCA-3

sequencing 2
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HK1 F: 5-TACTTGGGAGAGCTGGTTCGACTGAT-3
sequencing 3
HK1 F: 5-CCGGCAGATAGAGGAGACCCTG-3
sequencing 4
HK1 F: 5-TCACCTTACTAAGGGATGCGATAAAAAGGA-3’
sequencing 5
HK1 F: 5-CGGGCTATCCTCCAGCAGCTAG-3
sequencing 6
Bcl-2 F: 5-CTGTGGCTAACTAGAGAACC-3
sequencing 1
Bcl-2 R: 5-CGCGGCGCCCACATCT-3
sequencing 2
Bcl-2 F: 5-ATGGCGCACGCTGGGA-3’
sequencing 3
Bcl-2 F: 5-TCGCCAGGACCTCGCC-3

sequencing 4

2.2.2. Preparation of bacterial culture plates with selective antibiotics.

500 ml LB (Luria Bertani) bacterial growth medium with agar (chapter 2.1.)
were prepared and autoclaved. When the medium cooled to about 50°C, 25
pg/ml chloramphenicol (Sigma) or 30 pg/ml kanamycin (Sigma) were added,
respectively, under semi-sterile conditions. The medium was carefully mixed by
swirling. Around 25 ml of medium were poured into each of around twenty culture

plates. After solidification of the medium, plates were inverted and stored at 4°C.

2.2.3. Preparation of fluid media for bacterial cultures.

Bacterial mini cultures were set up in 2 ml LB bacterial growth medium without
agar (chapter 2.1.) with 25 pg/ml chloramphenicol (Sigma) or 30 pg/ml
kanamycin (Sigma) as the selective antibiotic in glass test tubes. Bacterial midi
cultures were set up in 200 ml LB bacterial growth medium with 25 pg/mi
chloramphenicol (Sigma) or 30 pg/ml kanamycin (Sigma) as the selective

antibiotic in glass Erlenmeyer flasks with baffles.
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2.2.4. Generation of chemically competent bacteria.

Chemically competent bacteria were generated with a modified calcium
chloride method. 2 ml LB bacterial growth medium (chapter 2.1.) were inoculated
with Escherichia coli DH5a under semi-sterile conditions and grown overnight in a
horizontal shaker at 250 rpm and 37°C. 300 pl of that culture were used to
inoculate 30 ml LB bacterial growth medium in a glass Erlenmeyer flask with
baffles. The culture was grown for around 2 to 3 h until it was visibly turbid. The
culture was placed on ice for 10 min and then spun in a multi-purpose bench top
centrifuge (Eppendorf, 5810R) for 5 min at 3000 x g and 4°C. The bacterial pellet
was gently resuspended in 15 ml transformation solution 1 (chapter 2.1.) in a
sterile 50 ml centrifuge tube and incubated on ice for 1 h. The culture was spun in
a multi-purpose bench top centrifuge for 5 min at 3000 x g and 4°C. The bacterial
pellet was gently resuspended in 2 ml of transformation solution 2 (chapter 2.1.)
and incubated on ice overnight. 50 pl aliquots were prepared in microfuge tubes

and rapidly transferred to -80°C for storage.

2.2.5. Set up of bacterial cultures on culture plates from a glycerol stock.

The bacterial glycerol stock was thawed on ice. A sterile pipette tip was dipped
into the glycerol stock once and used to streak bacteria onto a bacterial culture
plate with the appropriate selection antibiotic under semi-sterile conditions. The

culture plate was inverted and incubated at 37°C overnight.

2.2.6. Set up of bacterial mini cultures from bacterial colonies.

A sterile pipette tip was used to sample a single bacterial colony and to
inoculate 2 ml LB bacterial growth medium (chapter 2.1.) with the appropriate
selection antibiotic (chapter 2.2.3.) in a glass test tube under semi-sterile
conditions. The test tube was covered and incubated overnight in a horizontal
shaker at 250 rpm and 37°C.

2.2.7. Set up of bacterial midi cultures from mini cultures.

2 ml bacterial mini culture in a glass test tube were used to inoculate 200 ml
LB culture medium (chapter 2.1.) with appropriate selection antibiotic (chapter

2.2.3.) in a glass Erlenmeyer flask with baffles under semi-sterile conditions.
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The flask was covered and incubated overnight in a horizontal shaker at 250
rpm and 37°C.

2.2.8. Plasmid midi preparation.

Plasmid midi preparations were performed with the Qiagen Plasmid Midi Kit
(Qiagen) according to the manufacturer’s instructions. 200 ml bacterial culture
were transferred into a 250 ml screw cap centrifuge bottle and spun for 15 min at
5,000 rpm and 4°C in a high performance centrifuge (Sorvall, RC5C with GSA
rotor). The bacterial pellet was resuspended in 5 ml ice-cold resuspension buffer
(P1; chapter 2.1.) and transferred into 50 ml screw cap centrifuge tubes. 5 ml
lysis buffer (P2; chapter 2.1.) were added and mixed by inversion of the
centrifuge tube. The mixture was incubated for 5 min at room temperature. 5 ml
ice-cold neutralization buffer (P3; chapter 2.1.) were added and mixed by
inversion of the centrifuge tube. The centrifuge tube was incubated on ice for 15
min. Subsequently, the tube was centrifuged in a high performance centrifuge
(Sorvall, RC5C with SS-34 rotor) for 30 min at 20,000 x g and 4°C. The
supernatant was transferred into another centrifuge tube and respun for 15 min at
20,000 x g and 4°C. The supernatant was loaded into a QIAGEN-tip 100 DNA-
binding column (Qiagen) that had previously been equilibrated with equilibration
buffer (QBT; chapter 2.1.). The column was washed twice with 10 ml wash buffer
(QC), and eluted with 5 ml elution buffer (QF; chapter 2.1.). The eluate was
mixed with 3.5 ml room temperature isopropanol and divided equally between 6
microfuge tubes. The microfuge tubes were spun in a benchtop centrifuge
(Eppendorf, 5415R) for 30 min at maximum speed and 4°C. The supernatant was
discarded. 200 pl 70% ethanol were added to the pellet. The microfuge tubes
were spun in a benchtop centrifuge for 10 min at maximum speed and 4°C. The
supernatant was discarded. The pellet was air dried for about 10 min until the
colour of the pellet changed from white to transparent. The pellet was
resuspended in 120 pl nuclease-free water (HyClone).
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2.2.9. Measurement of DNA concentration and purity.

A DNA solution of unknown concentration was diluted 1:100 in water. The
absorbance at 260 nm (Ax) and 280 nm (A,g) was measured in a
spectrophotometer (Jenway, Genova) with water as a reference. The

concentration of the DNA was calculated according to the following formula:
[DNA] (ug/ml) = Aygo X dilution factor (here: 100) x 50 pg/ml

The purity of the DNA (ppna) Was calculated as:

Pona = Azeo / Azgo

2.2.10. Polymerase chain reaction (PCR) with Pfx polymerase.

DNA templates were amplified according to the following protocaol:

5.0 yl 10X Pfx amplification buffer (Invitrogen)

1.0 pl 50 mM MgSO, (Invitrogen)

1.5 pl 10 mM dNTP mixture (Invitrogen)

1.0 pl 200 ng DNA template

1.5 pl 10 mM forward primer (IDT; table 2.1.)

1.5 pl 10 mM reverse primer (IDT; table 2.1.)

0.5 pl Platinum Pfx DNA polymerase (Invitrogen)
38.0 ul nuclease-free water (HyClone)

The PCR was run in a thermocycler (Eppendorf, Mastercycler ep gradient S)
under the following conditions: one cycle of 95°C for 2 min; fourty cycles of 95°C
for 1 min, 55°C for 1 min and 68°C for 1 min per kb of DNA template; one cycle of
68°C for 10 min; hold at 4°C.

2.2.11. Agarose gel electrophoresis.

1% w/v agarose (Invitrogen) was added to TAE buffer (chapter 2.1.) and
boiled until it was completely dissolved. 0.5 pg/ml ethidium bromide (Sigma) were
added and uniformly mixed. The solution was poured into a gel caster, and a
comb for the appropriate size of loading pockets was inserted. After
polymerization, the gel was submerged in TAE buffer (chapter 2.1.). The DNA
samples were mixed with 6X DNA gel loading buffer (chapter 2.1.) and loaded
into the loading pockets. A 1 kb (New England Biolabs) or 100 bp (Invitrogen)

DNA size marker was loaded into a separate pocket.
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The gel chamber was closed and a voltage of 100 V was applied. Samples
were run through the gel matrix until the bromophenol blue band originating from
the loading buffer covered around 75% of the total gel length. The gel was

visualized with an ImageQuant300 UV light box with a digital camera (GE).

2.2.12. Polymerase chain reaction (PCR) purification.

DNA fragments were purified with the QIAquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions. 250 pul DNA resuspension buffer
(PB; chapter 2.1.) were added to 50 pl PCR product and mixed. The mixture was
loaded into a DNA binding QIAquick spin column (Qiagen) that was placed into a
2 ml collection tube (Qiagen). The column was spun in a bench top centrifuge
(Eppendorf, 5415R) for 1 min at maximum speed. The flow-through was
discarded and the QIAquick spin column was placed back into the collection tube.
The column was washed twice with 750 ul wash buffer (PE; chapter 2.1.). At
each wash step the column was spun in a bench top centrifuge for 1 min at
maximum speed, and the flow-through discarded. The QIlAquick spin column was
then placed into a new microfuge tube. The column was incubated with 32 pl of
elution buffer (EB; chapter 2.1.) for 1 min and then spun in a benchtop centrifuge

for 1 min at maximum speed.

2.2.13. Preparative restriction digest.

To prepare DNA fragments for ligation reactions, purified PCR products that

constituted the insert were digested according to the following protocol:

14 plinsert DNA
2 ul 10X NEBuffer (New England Biolabs)
1 pl restriction enzyme 1 (New England Biolabs)
1 ul restriction enzyme 2 (New England Biolabs)
2 ul nuclease-free water (HyClone)

The target vector was digested according to the following protocol:

8 ul vector DNA

2 ul 10X NEBuffer (New England Biolabs)

1 pl restriction enzyme 1 (New England Biolabs)
1 ul restriction enzyme 2 (New England Biolabs)
8 ul nuclease-free water (HyClone)
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If both restriction enzymes exhibited maximal performance in the presence of
BSA, 2 ul of water were replaced with 2 ul of a 1:10 dilution of a 10 mg/ml BSA
solution (New England Biolabs). The reactions were incubated for a minimum of 2
h or overnight at 37°C. The vector was digested a second time by adding an
additional 1 pl of each enzyme and incubated at 37°C for a minimum of two

additional hours.

2.2.14. Preparative agarose gel electrophoresis.

An agarose gel with larger loading pockets was prepared for preparative gel
electrophoresis and run in fresh TAE buffer (chapter 2.1.) under the conditions
described in chapter 2.2.11. The gel was visualized on a UV light box (UVP) and
the respective band was excised with a clean scalpel or razor blade and

transferred to a microfuge tube.

2.2.15. DNA isolation from excised gel fragments.

DNA fragments were purified from agarose gel fragments with the QIAquick
gel extraction Kit (Qiagen) according to the manufacturer’'s instructions. The gel
fragments in microfuge tubes were submerged in 600 ul of agarose gel
dissolution buffer (QG; chapter 2.1.) and placed in a 50°C water bath until they
were completely dissolved. During incubation, the microfuge tubes were vortexed
every 2 to 3 min. If the buffer had a pH>7.5 after dissolution of the gel slice,
indicated by orange to violet colour, 10 pul 3 M sodium acetate, pH=5.0, were
added. If the DNA fragments in solution were larger than 4 kb or smaller than 500
bp in size, an additional 200 pl isopropanol were added to the mixture. Finally,
750 ul of the mixture were loaded into a DNA binding QIAquick spin column
(Qiagen) that was placed into a 2 ml collection tube (Qiagen). The column was
spun in a bench top centrifuge (Eppendorf, 5415R) for 1 min at maximum speed.
The flow-through was discarded and the QIAquick spin column was placed back
into the collection tube. The second part of the DNA mixture was loaded in the
same manner. Then the column was washed once with 500 pl agarose gel
dissolution buffer (QG) and twice with 750 ul wash buffer (PE; chapter 2.1.). At
each wash step the column was spun in a bench top centrifuge for 1 min at
maximum speed, and the flow-through discarded. The QIAquick spin column was
then placed into a new microfuge tube.
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To elute the DNA, the column was incubated in 34 pl of elution buffer (EB;
chapter 2.1.) for 1 min and then spun in a benchtop centrifuge for 1 min at
maximum speed. The DNA in the flow-through was collected in the microfuge

tube.

2.2.16. Ligation.

Reactions for the ligation of digested and purified DNA fragments were set up

according to the following protocol:

17 pl 3:1 molar ratio of insert to vector DNA
2 pul 10X T4 DNA ligase buffer (New England Biolabs)
1 ul T4 DNA ligase (New England Biolabs)

The molar ratio of insert to vector DNA was estimated from fragment size and
band intensity on an agarose gel. An additional reaction mixture, in which the
insert DNA solution was replaced with water, was set up to control re-ligation of
the empty vector. The reactions were incubated for 10 min at room temperature.
10 ul of the reaction were transformed into 100 pl competent Escherichia coli
DH5a and then plated on bacterial culture plates with appropriate selection
antibiotic (chapter 2.2.2.).

2.2.17. Transformation of bacteria.

Escherichia coli DH5a competent bacteria (chapter 2.2.3.) were thawed on
ice. 10 ul of ligation reaction were mixed with 100 pl competent bacteria under
semi-sterile conditions. 5 pl plasmid generated in PCR reactions were mixed with
100 pl bacteria, and 2 pl of plasmid mini or midi preparations were mixed with 50
pl bacteria. The bacteria plasmid mixture was incubated for 5 min on ice, heat-
shocked for 1 min at 42°C in a water bath and then incubated on ice for another 3
min. Bacteria were transferred to 1 ml LB bacterial growth medium (chapter 2.1.)
in a microfuge tube and incubated in a horizontal shaker at 250 rpm and 37°C for
1 h. Starter cultures that were intended to grow on culture plates were spun in a
benchtop centrifuge (Eppendorf 5415R) for 1 min at maximum speed. The
supernatant was removed, and the bacterial pellet was resuspended in 100 pl of
culture medium and transferred to a bacterial culture plate with the appropriate
selection antibiotic (chapter 2.2.2.). Bacteria were spread with a sterile Drigalski

spatula (Fisher).
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Bacterial culture plates were inverted and incubated overnight in a 37°C
incubator. To set up plasmid mini preparations, the starter culture of transformed
bacteria was transferred to 1 ml of LB bacterial growth medium with the
appropriate selection antibiotic (chapter 2.2.3.) in a glass test tube. The tube was
covered and incubated overnight in a horizontal shaker (Barnstead Labline
MaxQ4000) at 250 rpm and 37°C. To set up plasmid midi preparations, the
bacteria were transferred to 200 ml LB bacterial growth medium with the
appropriate selection antibiotic in a glass Erlenmeyer flask with baffles. The flask

was covered and incubated overnight in a horizontal shaker at 250 rpm and 37°C.

2.2.18. Analytical polymerase chain reaction (PCR) from bacterial colonies.

Analytical PCRs from bacterial colonies were set up according to the following

protocol:

2.5 ul 10X ThermoPol reaction buffer (New England Biolabs)
0.5 pl 10 mM dNTP mixture (Invitrogen)
0.5 ul 10 mM forward primer (IDT; table 2.1.)
0.5 ul 10 mM reverse primer (IDT; table 2.1.)
0.125 ul Tag DNA polymerase
20.875 pl nuclease-free water (HyClone)

One bacterial colony from a culture plate was sampled with a sterile tip and
dipped into the PCR mixture to provide the plasmid DNA template for the PCR
reaction. Finally, the infected tip was used to inoculate 2 ml sterile LB culture
medium with the appropriate selection antibiotic in a glass test tube to set up a
plasmid mini preparation. The PCR was run in a thermocycler (Eppendorf,
Mastercycler ep gradient S) under the following conditions: one cycle of 95°C for
30 s; fourty cycles of 95°C for 30 s, 55°C for 1 min and 72°C for 1 min per kb of
DNA template; one cycle of 72°C for 10 min; hold at 4°C.

2.2.19. Plasmid mini preparations.

2 ml overnight culture were transferred to a microfuge tube and spun in a
benchtop centrifuge (Eppendorf 5415R) for 1 min at maximum speed. The
supernatant was removed. The bacterial pellet was resuspended in 100 ul
resuspension buffer (P1; chapter 2.1.). 100 pl lysis buffer (P2; chapter 2.1.) were

added and mixed by inversion of the microfuge tube.
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The mixture was incubated for 5 min at room temperature. 100 pl
neutralization buffer (P3; chapter 2.1.) were added and mixed by inversion of the
microfuge tube. The microfuge tube was centrifuged in a bench top centrifuge for
1 min at maximum speed. The supernatant was transferred to another microfuge
tube. 250 ul Tris-buffered phenol (Invitrogen) were added and mixed. The
microfuge tubes were spun in a bench top centrifuge (Eppendorf, 5415R) for 1
min at maximum speed. The upper aqueous phase was transferred into another
microfuge tube. 500 pl 100% ethanol were added and mixed. Microfuge tubes
were spun in a bench top centrifuge for 10 min at maximum speed and 4°C. The
supernatant was discarded. 70% ethanol was added to the pellet. The microfuge
tube was spun in a benchtop centrifuge for 1 min at maximum speed and 4°C.
The supernatant was removed. The pellet was air dried for about 10 min until the
colour of the pellet changed from white to transparent. The pellet was

resuspended in 20 pl of resuspension buffer (chapter 2.1.).

2.2.20. Analytical restriction digest.

Analytical restriction digests of plasmids isolated through plasmid mini

preparations were set up according to the following protocol:

1.0 pyl 10X NEBuffer (New England Biolabs)

2.0 ul plasmid DNA

0.3 ul restriction enzyme 1 (New England Biolabs)
0.3 pl restriction enzyme 2 (New England Biolabs)
7.4 ul nuclease-free water (HyClone)

For an analytical restriction digest of plasmids isolated through plasmid midi
preparations 1 pl plasmid DNA and 8.4 pl of water were used instead. If both
restriction enzymes exhibited maximal performance in the presence of BSA, 1 pl
of water was replaced by 1 pl of a 1:10 dilution of a 10 pg/ml BSA (New England
Biolabs) solution. The mixture was incubated at 37°C for 1 h.

2.2.21. Preparation of DNA samples for sequencing.

Sequencing primers were designed for approximately every 500 bp fragment
of the region of interest. The first primer annealed 100 bp upstream of the region
of interest (table 2.1.)
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The primers were used to run the chain termination reaction with DYEnhamic
ET Terminator Cycle Sequencing Kit (Amersham Biosciences) according to the

manufacturer’s instructions. The reaction mixture consisted of;

12 pl 500 ng plasmid DNA in nuclease-free water (HyClone)
1 yl 5 puM sequencing primer (table 2.1.)
8 pl DYEnamic ET reagent mix (Amersham Biosciences)

The reaction was incubated in a thermocycler (Eppendorf, Mastercycler ep
gradient S) for 30 cycles of the following conditions: 95°C for 20 s, 50°C for 15 s,
and 60°C for 1 min, followed by a hold at 4°C. The reaction was transferred to a
microfuge tube. 2 pyl 7.5 M ammonium acetate and then 55 pl of 100% ethanol
were admixed to the reaction. The microfuge tubes were spun in a bench top
centrifuge (Eppendorf, 5415R) for 15 min at 12,000 rpm and 4°C. The
supernatant was aspirated. The pellet was washed with 100 ul 70% ethanol and
spun for 5 min at 12, 000 rpm and 4°C. The supernatant was aspirated. The
pellets were air-dried for approximately 10 min and then stored at -20°C in the
dark until sequencing was performed. Samples were run on a Sanger DNA
sequencer (Applied Biosystems, 3730) by the Sequencing Service of the
Molecular Biology Service Unit at the University of Alberta.

2.2.22. Site directed mutagenesis of plasmid constructs.

The HK1-GFP construct was used as the template to generate the expression
construct for inactive HK1S603A-GFP according to the Stratagene protocol for
site directed mutagenesis. The entire plasmid that contained the open reading
frame of HK1-GFP was amplified with a pair of complementary primers that
contained the S603A mutation and 21 bp upstream and downstream flanking

regions (table 2.1.). The following reaction mixture was prepared:

5.0 ul 10X Pfx amplification buffer (Invitrogen)

1.0 pl 50 mM MgSO, (Invitrogen)

2.0 ul 10 mM dNTP mixture (Invitrogen)

1.0 pl 20 ng DNA template

1.25 pl of 10 mM forward primer (IDT; table 2.1.)

1.25 pl of 10 mM reverse primer (IDT; table 2.1.)

1.0 pl Platinum Pfx DNA polymerase (Invitrogen)
37.5 ul nuclease-free water (HyClone)
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The reaction was run in a thermocycler (Eppendorf, Mastercycler ep gradient
S) under the following conditions: one cycle of 95°C for 40 s; eighteen cycles of
95°C for 40 s, 63°C for 1 min and 68°C for 1 min per kb of DNA template; one
cycle of 68°C for 10 min; hold at 4°C. The parental, non-mutated and methylated
plasmid DNA was digested twice through the addition of 1 pl Dpnl (Invitrogen)
and incubation at 37°C for 30 min, while the mutated and non-methylated
daughter DNA remained intact. 5 pl of the digest were transformed (chapter
2.2.16.) into 100 pl competent Escherichia coli DH5a (chapter 2.2.2.) and plated
on bacterial culture plates with the appropriate selection antibiotic (chapter
2.2.3)).

2.2.23. Preparation of glycerol stocks.

For long term storage of all constructs, bacterial glycerol stocks were prepared
by mixing 500 ul of a dense bacterial culture in LB medium with 500pl of a sterile

80% glycerol solution in water. The glycerol stocks were stored at -80°C.

2.3. Cell lines and cell culture.
2.3.1. Cell lines.

HelLa cells and U20S cells were received from Dr. James Smiley, A549 cells
from Dr. Michael Weinfeld, HEK293T cells from Dr. Deborah Burshtyn, and MEF
and Bak”, Bax” DKO MEF cells from Dr. Michele Barry (University of Alberta,
Edmonton, Alberta). All cells were cultured in 75 cm? canted neck culture flasks
with vent cap (Corning) at 37°C and 5% CO, in a water jacketed CO, incubator
(Thermo Electron Corporation, Forma Series 1) in Dulbecco’s Modified Eagle
Medium with 4.5 g/l D-glucose and L-glutamine and sodium bicarbonate (Sigma,
D5796) supplemented with 10% (v/v) fetal bovine serum (GIBCO), 50 U/ml
penicillin and 50 ug/ml streptomycin (GIBCO). In addition, MEF and Bak™, Bax ™
DKO MEF cells were supplemented with 2 mM L-glutamine (GIBCO) and 1%

(v/v) MEM non-essential amino acids (GIBCO).
2.3.2. Passaging.

The above listed adherent cell lines were passaged according to the following
protocol in the sterile environment of a laminar flow hood. All media were warmed
to 37°C in a water bath (Fisher, Isotemp 200).
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Health and density of the cells was inspected with a light microscope (Zeiss,
Axiovert 40C). The culture medium was aspirated, and the cells were washed
with 10 ml sterile PBS by gently panning the culture flask. The PBS was aspirated
and 3 ml 0.25% Trypsin-EDTA (GIBCO) were added and incubated with the cells
for 5 to 10 min at 37°C in the incubator. Successful cell detachment was
confirmed under the light microscope. 5 ml culture medium were added to the
cells, and the surfaces of the flask were washed clean of cells. The cell
suspension was transferred into a 15 ml centrifuge tube (Corning). The cells were
spun in a multi-purpose bench top centrifuge (Eppendorf, 5810R) for 2 min at
1,000 x g and room temperature, and the culture medium was aspirated. The cell
pellet was vigorously resuspended in 5 ml culture medium. 1 ml of cell
suspension were retransferred into the original culture flask and supplemented
with 14 ml fresh culture medium. Cells were split every three to four days. Culture

flasks were regularly replaced and never used beyond ten passages.

2.3.3. Determination of the concentration of viable cells in a cell

suspension.

Adherent cells were detached with Trypsin-EDTA prior to counting (chapter
2.3.2.). 10 pl of the cell suspension were mixed with 90 pl Trypan Blue (GIBCO).
An improved Neubauer hemacytometer and coverslip (Hausser Scientific, Bright
Line) were cleaned with water and 70% ethanol. The coverslip was firmly placed
over the chamber of the hemacytometer until Newton’s rings appeared. 10 pl of
the cell suspension in Trypan Blue were loaded into each of the two chambers of
the hemacytometer. The sum (s) of all cells that excluded Trypan blue from their
cytoplasm and within the four corner squares of the nine square grid was
determined under the light microscope (Zeiss, Axiovert 40C) for both chambers of
the hemacytometer. The concentration of cells (c.s) in the original cell

suspension was calculated as
Ccers (cells/ml) = (s + s,)/2 x dilution factor (here: 10) x 10%/ml

2.4. Cell treatments.

Cells were treated with 20 ng/ml tumor necrosis factor alpha (TNF-a) (Roche)
to induce NF-kB signaling or 20 ng/ml TNF-a and 5 yg/ml cycloheximide (CHX)

(Sigma) to induce apoptosis. Control cells were treated with 5 pg/ml CHX.
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For immunoprecipitations of the apoptotic complex I, cells were treated with
20 ng/ml TNF-a and 10 ug/ml CHX (Sigma). 200 ng/ml anti-Fas human activating
antibody (Millipore, mouse monoclonal antibody, clone CH11, #05-201), or 50
ng/ml recombinant soluble TNF-related apoptosis-inducing ligand (TRAIL)

(Peprotech) were used to induce death receptor-mediated apoptosis.

The general caspase inhibitor z-VAD-fmk (R&D Systems) was dissolved in
DMSO (Sigma) and added at a concentration of 25 uM 2 h prior to treatment with

TNF and CHX. Control cells were incubated with an equal volume of DMSO.

20 pM or indicated concentration of CTZ (Sigma) in DMSO were added in
serum-free culture medium to cells that were previously washed twice with
serum-free culture medium. Control cells received an equal volume of DMSO in

serum-free medium.

5 to 40 uM HK1 amino-terminal peptide acetyl-MIAAQLLAYYFTELKdA-
GYGRKKRRQRRRG-amide (CanPeptide) or control peptide acetyl-
GYGRKKRRQRRRG-dAEEEAKNAAAKLAVEILNKEKK-amide (Canpeptide) were
added in serum-free culture medium to cells that were previously washed twice

with serum-free culture medium.

In general, stimulations in twelve-well plates were performed in 500 pl

medium, and stimulations in six-well plates in 1 ml medium.

2.5. siRNA and siRNA screening.
2.5.1. siRNA transfections.

For transfections in ninety six-well format, 10 pl of a 200 nM siRNA predilution
in sterile nuclease-free water (HyClone) were spotted into each well. 15 pl
transfection mixture containing 0.2 pl Dharmafect 1 transfection reagent
(Dharmacon) and 14.8 ul OptiMEM (GIBCO) per well were prepared and
incubated for 5 min at room temperature. The transfection mixture was added to
the siRNA in the ninety six-well plate. Both components were mixed by gently
tapping the plate and incubated for 30 min at room temperature. Six thousand
five hundred HelLa cells in 75 pl antibiotic-free culture medium were added. The
final sSiRNA concentration was 20 nM. Controls cells were not treated with SiRNA

or transfection reagent.
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If the plate was not completely filled, surrounding wells were filled with 100 pl
sterile water to minimize edge effects. Cells were incubated for seventy two
hours. For the parallel transfection of 2 siRNAs, 10 ul of a predilution of 100 nM
siRNA 1 and 100 nM siRNA 2 in water were spotted into each well. To transfect
U20S cells, water and OptiMEM were replaced by DMEM (Sigma, D5796). 0.375
ul HiPerfect (Qiagen) were used as a transfection reagent, and three thousand

cells were seeded into each well.

For siRNA transfections in twelve or six-well format, all volumes were scaled
up by a factor of ten or twenty, respectively. However, all components were
mixed in a microfuge tube, not directly in the well. 1 x 10° Hela cells, four
thousand eight hundred seventy five U20S cells, or four thousand eight hundred
seventy five A549 cells were seeded into twelve-well plates, and 2.25 x 10° HelLa
cells into six-well plates. siRNA transfections in MEF were performed as
described for HeLa cells with the exception that 7.5 x 10” cells were used per well

of a twelve-well plate and 1.77 x 10° were used per well of a six-well plate.

For siRNA transfections that were followed by DNA transfections two days
later, 1.125 x 10° Hela cells were seeded into twelve-well plates and nine

thousand HeLa cells were seeded into ninety six-well plates.

siRNA transfections for the NF-kB reporter assay were done in three hundred
eighty four-well format. Per well, 5 pl of a 160 nM siRNA solution in OptiMEM
were mixed and incubated with 5 pl OptiMEM containing 0.0875 ul Dharmafect 1
transfection reagent for 20 min at room temperature. The mix was spotted into a
well of the three hundred eighty four-well plate. Three thousand five hundred
HEK293T cells were added in 30 pl antibiotic-free culture medium and incubated
for fourty eight hours, prior to the second transfection with reporter plasmids. The

final sSiRNA concentration was 20 nM.
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Table 2.2. List of siRNAs. (h): siRNA against human gene product, (m): siRNA
against mouse gene product. HK1#1-3, HK2#1-3, and HK3#1-3 are part of the

human kinase siRNA library V3.

cm: chemical

modification to preclude

incorporation of the siRNA passenger strand into the RISC, suppl: supplier, Q:

Qiagen, AB: Applied Biosystems.

target gene SiRNA ID# target sequence cm | suppl
product
non-silencing | AllStars negative proprietary no Q
(h/m) control
non-silencing | negative control proprietary yes AB
(h/m) #1 siRNA
caspase-8 Hs AAGAGTCTGTGCCCAAATCAA no Q
(h) CASP8_11_HP
NEMO (h) 139260 CACCTTACGCTTCAGCTGTTG | no AB
HK1#1 (h) 1689 AAGGTATGAGAAGATGATCAG | no AB
HK1#2 (h) 1506 CAGGAAGGAGATGAAGAATGG | no AB
HK1#3 (h) 1599 AAGGAGATGAAGAATGGCCTC | no AB
HK1#4 (h) Hs_HK1 9 CACGATGTAGTCACCTTACTA | no Q
HK1#5 (h) Hs_HK1_10 CCGTGTCGTATGACCTAGTAA | no Q
HK1#6 (h) Hs_HK1_1 AACGGTGGAAATGCACAACAA | no Q
HK1#7 (h) Hs_HK1_11 TTGGTGGGTCTTCCTTTCGAA | no Q
HK2#1 (h) 1528 AAGGAGATGGAGAAAGGGCTT | no AB
HK2#2 (h) 1433 AAGGTTGACCAGTATCTCTAC | no AB
HK2#3 (h) 1618 AAGGATTTGTTCACATGCATC no AB
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HK3#1 (h) 210 GAGGTTTGAAAAGATGATCAG | no AB
HK3#2 (h) 208 AAGGTGACAAGGGCACAGCTA | no AB
HK3#3 (h) 144906 CACCCGCTTTGATGCAAGTGT | no AB
HK4#1 (h) 1600 CAGCGTGAGCTAAGCACCAAA | no AB
HK4#2 (h) 1507 GAGGACCTGAAGAAGGTGATG | no AB
HK4#3 (h) 1690 CAGGACTTTGATGCATTTCCA | no AB
TAB2 (h) 136741 proprietary no AB
TNF-R1 (h) Hs_ proprietary no Q
TNFRSF1A_5
c-FLIP (h) 4822 CAGGGACCTTCTGGATATTTT | no AB
GAPDH Hs_GAPD_5 CCGAGCCACATCGCTCAGACA | no AB
(h,m)

HK1 (m) s67555 TTGGATCTCGGAGGAACGAAT | yes AB

2.5.2. GAPDH assay for the optimization of siRNA transfection efficiency.

Six thousand five hundred HelLa cells were plated into each well of a ninety
six-well plate and transfected with GAPDH (Hs_GAPD_5; Qiagen) or non-
silencing AllStars negative control siRNA (Qiagen) (table 6.2) as described
(chapter 2.5.1.) with varying amounts of Dharmafect 1 transfection reagent. Each
experimental condition was set up in duplicate. Three days after the transfection,
the GAPDH assay was performed with the KDalert GAPDH Assay Kit (Applied
Biosystems) according to the manufacturer’s instructions. Briefly, the culture
medium was removed from the ninety six-well plate, and the cells were washed
once with PBS. Then 200 pl ice-cold KDalert lysis buffer (Applied Biosystems)
were added to each sample well, and the culture plate was incubated for 20 min

at 4°C. The cell lysate was homogenized with five pipette strokes.
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10 ul of the homogenous lysate were transferred to a separate ninety six-well
plate, mixed with 90 pl KDalert Master Mix (88.8 pl solution A, 0.68 pl solution B,
and 0.47 pl solution C; Applied Biosystems) and the fluorescence resulting from
GAPDH enzymatic activity in the lysates was immediately measured in a kinetic
assay every min for 10 min in an EnVision plate reader (PerkinElmer) using a 544
nm excitation filter and a 590 nm emission filter. The fluorescence of each sample
was graphed as a function of the time. The GAPDH activity in each sample was
defined as the fluorescence increase over 4 min in the area of linear fluorescence

increase.

GAPDH activity = fluorescence, min — fluorescenceg min

The relative GAPDH activity (or GAPDH depletion through GAPDH siRNA)
was calculated as the ratio of the GAPDH activity in samples that were treated
with GAPDH siRNA and the GAPDH activity in samples that were treated with
control siRNA.

relative GAPDH activity = GAPDH activitygappn sirna/ GAPDH activityconrol sikna

The optimal balance factor (OBF) determined the transfection condition that
yielded maximal GAPDH depletion and minimal transfection-related toxicity. The
transfection-related toxicity is represented by the GAPDH activity in the cells

transfected with control siRNA.

OBF = (1 - relative GAPDH activity) * GAPDH activityontrol sirna

2.5.3. High-throughput siRNA screen for modifiers of TNF-induced death.

The screen employed the human kinase siRNA library V3 and human
phosphatase siRNA library V3 (Applied Biosystems) with three distinct siRNAs
per gene target. Each library plate was complemented with control siRNAs as
outlined in figure 2.1.A. Each source plate with controls was transfected in
guadruplicate. With a multi-channel pipette 10 pl of a 200 nM siRNA predilution in
sterile nuclease-free water (HyClone) were spotted into each well. 15 ul
transfection mix containing 0.2 yl Dharmafect 1 transfection reagent (Dharmacon)
and 14.8 ul OptiMEM (GIBCO) were prepared per well and incubated for 5 min at

room temperature.
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The transfection mixture was added to the siRNA in the ninety six-well plate
with a multi-channel pipette. Both components were mixed by gently tapping the
plate. The plates were incubated in a moist environment for 30 min at room
temperature. Finally, Six thousand five hundred HeLa cells in 75 pl antibiotic-free
culture medium were added. The final siRNA concentration was 20 nM. Control
cells were not treated with siRNA or transfection reagent. The cells were
incubated for 72 h. Then two plates of the quadruplicate plate sets were treated
with 20 ng/ml TNF and 5 pg/ml CHX; two received fresh antibiotic-free culture
medium only. Each well was incubated with a total of 100 pl culture medium with
TNF and CHX or without TNF or CHX for 13.5 h. 11 yl of a 440 uM resazurin
sodium salt (Sigma) solution were added, mixed and incubated with the cells for
an additional 1.5 h. Reduction of non-fluorescent resazurin into fluorescent
resorufin by living cells was measured with an EnVision plate reader

(PerkinElmer) using a 540 nm excitation filter and a 590 nm emission filter.

2.5.4. Screen analysis.
2.5.4.1. Plate normalization and data scoring.

Each raw fluorescencel/viability value was normalized to the mean viability of
the non-silencing siRNA controls of the same plate. Normalized viability values
were then averaged for replicate plates. The death index was defined as the ratio
of the mean viability without TNF or CHX to the mean viability with TNF and CHX.
These steps assigned the non-silencing siRNA controls a death index of one. All
genes were then sorted according to (1) their median viability in the absence of
TNF or CHX, (2) their median viability in the presence of TNF and CHX, and (3)
their median death index. Due to the skewedness of all three distributions,
confidence intervals (Cls) were determined independently for genes with a
greater or lower viability/death index than the non-silencing siRNA control,
respectively. To this end, the standard deviation (stdev) of the median
viabilities/death indices from the non-silencing siRNA control was determined for
both groups. Confidence thresholds were set at a distance (d) from the non-
silencing control that was calculated with the help of the tabulated x-values (x) of

the Gaussian density function according to the desired level of confidence:

d = x * stdev
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For example, genes with a median siRNA viability/death index greater than
2.48 standard deviations from the non-silencing control belonged in the 99%
confidence interval group. Genes with a median siRNA viability/death index
greater than 1.96 standard deviations from the non-silencing control belonged in

the 95% confidence interval group.

2.5.4.2. Visualization of ninety six-well plates.

A combination of heat map and bubble chart was created with the Microsoft
Office 2010 Excel software according to the instructions in the company Blog of
XLCubed Ltd. [454].

2.5.4.3. Kernel density estimates for behaviour of positive controls.

Kernel density estimates for the histograms of all viability values and death
indices of the positive controls caspase-8 and NEMO in the screen were
generated with the web application [455, 456]. The optimized density estimation
was visualized as a scatter chart with smooth lines using the Microsoft Office

2010 Excel software.

2.5.4.4. Heat maps of viability values and death indices in the screen.

All kinases and phosphatases were sorted according to the median death
index in descending order. Viability values in presence and absence of TNF or
CHX and death indices for all three siRNAs per gene were base two log-
transformed and organized into one cluster in Cluster 3.0 software. All data were

then visualized as a heat map with Java TreeView 1.1.6r2 software.

2.6. DNA transfection.

Hela cells were detached with 0.25% Trypsin-EDTA (GIBCO) and counted. 1
ml HelLa cells were plated into the wells of a twelve-well plate at a concentration
of 2 x 10° cells/ml. 2 ml of HeLa cells were plated into the wells of a six-well plate
at a concentration of 2.5 x 10° cells/ml. The next day, transfection reagents were
prepared in 2 microfuge tubes. For each well of a twelve-well plate, 125 l
OptiMEM (GIBCO) and 1 ug DNA were mixed in one tube. 125 yl OptiMEM and 2
pl Lipofectamine 2000 (Invitrogen) were mixed in a separate tube. For each well
of a six-well plate, 250 pl OptiMEM and 2 pug DNA were mixed in one tube. 250 pl
OptiMEM and 4 pl Lipofectamine 2000 were mixed in a separate tube.
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Both microfuge tubes were incubated for 5 min at room temperature. The
contents of both tubes were then mixed and incubated for an additional 20 min.
The cells in twelve-well plates were washed with 500 pl sterile PBS and
incubated with 250 pl OptiMEM until transfection. The cells in six-well plates were
washed with 1 ml sterile PBS, and incubated with 500 pl OptiMEM. Finally, 250 pl
or 500 pl transfection mixture were added dropwise to the cells in a twelve-well
plate or six-well plate, respectively, and gently mixed. The cells were incubated in
the transfection mixture for a minimum of two hours and a maximum of five hours.
Then 500 ul or 1 ml antibiotic-free culture medium with 20% FBS were added to
the cells in a twelve-well or six-well plate, respectively, and gently mixed. The

cells were incubated overnight.

HelLa cells in twelve-well plates that had been transfected with siRNA for two
days were transfected with 2 ug DNA in 125 pyl OptiMEM and 3 pl Duo
Transfection Reagent (Dharmacon). Cells were incubated for five hours before
500 ul antibiotic-free culture medium with 20% FBS were added. For sequential
siRNA and DNA transfections in ninety six-well format all volumes were scaled by
a factor of 0.1. To transfect the NF-kB reporter plasmid pNF-kBluc and control
reporter pRL-TK into HEK293T cells in three hundred eighty four-well plates, 25
Ml of the siRNA transfection mix were aspirated and the remaining 15 pl were
supplemented with 10 ul of a reporter transfection mix. The reporter transfection
mix consisted of 1 ug NF-kB reporter pNF-kBluc and 0.1 pg control reporter pRL-
TKin 5 pl OptiMEM and 0.075 pl Lipofectamine 2000 in 5 pl OptiMEM, mixed and
incubated for 20 min. After six hours, cells were recovered with 10 ul culture

medium with 20% fetal bovine serum (Sigma).

2.7. Microscopy.
2.7.1. Light Microscopy.

1 ml of a Hela cell suspension at a concentration of 4 x10° cells/ml were
plated into a twelve-well plate to visualize apoptosis. The following day, the cells
were pre-treated with 25 uM z-VAD-fmk or an equal amount of DMSO for two
hours in complete culture medium. Cells were then treated with combinations of
20 ng/ml TNF and 5 ug/ml CHX in complete culture medium in addition to z-VAD-
fmk or DMSO for ten hours.
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HelLa cells that were treated with siRNAs before the visualization of their
apoptotic state were plated as 1 x 10° cells per well and transfected with siRNAs
as described (chapter 2.5.1.). After seventy two hours cells were treated with 20
ng/ml TNF and 5 pg/ml CHX for 5 h in culture medium without antibiotics or with

fresh culture medium without antibiotics only.

Cell morphology was visualized with an inverted transmitted light microscope
(Zeiss, Axiovert 40C). Images were recorded with a digital camera (Canon,
PowerShot S2 1S) that was connected through a conversion lens adapter
(Canon, LA-DC58E) and the ZoomBrowser EX 6.6 software (Canon).

2.7.2. Confocal Immunofluorescence Microscopy.

1 ml HelLa cells were plated onto round sterile coverslips (22 mm diameter,
0.16-0.19 mm thickness, Electron Microscopy Sciences, 72224-01) in the wells of
a twelve-well plate at a concentration of 3.5 x 10° cells/ml. The following day, the
cells were treated with 5 pM to 40 uM HK1 peptide or control peptide in serum-
free culture medium for one hours after two washes in serum-free culture
medium, if needed. The culture medium was aspirated and replaced with culture
medium that contained 2 nM MitoTracker Red to visualize mitochondria
(Molecular Probes) and incubated for 30 min. The cells were washed twice in 1
ml 37°C PBS and subsequently fixed with 1 ml 2% formaldehyde (Sigma) in PBS
for 15 min at room temperature. The cells were washed three times in 1 ml PBS
for 5 min each. The cells were then permeabilized and blocked with 500 ul
saponin buffer (chapter 2.1.) three times for 5 min each. A 100 ul drop of a 1:100
dilution of the rabbit anti-HK1 primary antibody (Cell Signaling, rabbit monoclonal,
clone C35C4, #2024) in saponin buffer (chapter 2.1.) was placed onto parafilm in
a moist chamber. The coverslip was then carefully removed from the twelve-well
plate using high precision tweezers. Excess moisture from the coverslip was
removed by touching the edge of the coverslip to a kimwipe (Kimtech Science).
Finally, the coverslip was placed upside down onto the drop of primary antibody
in the moist chamber and incubated for one hour at room temperature. The
coverslip was then carefully retransferred into the twelve-well plate with the fixed
cells facing up. The cells were then washed twice in 500 pl saponin buffer

(chapter 2.1) for 5 min each.
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A 100 pl drop of a 1:1000 dilution of goat anti-rabbit secondary antibody
(Molecular Probes, goat polyclonal conjugated to Alexa Fluor 488) and a 1:1000
dilution of the nucleic acid stain Hoechst 33258 (Molecular Probes) in saponin
buffer (chapter 2.1) was placed on a second parafilm in a moist chamber. As
described above, the coverslip was carefully positioned on the drop and
incubated for 30 min in the dark at room temperature. The coverslip was carefully
retransferred into the twelve-well plate with the fixed cells facing up and washed
twice with 500 pl saponin buffer for 5 min each. The stained cells were fixed with
2% formaldehyde in PBS for 15 min at room temperature and subsequently
washed twice in 1 ml PBS for 5 min each. A microscope slide (Fisher) was
cleaned with 70% ethanol. A drop of 12 pl Fluoromount (Sigma) was placed in
the center of the microscope slide. The coverslip was carefully removed from the
twelve-well plate. Excess PBS was removed with a kimwipe. The coverslip was
placed upside down onto the drop of Fluoromount while avoiding the formation of

air inclusions. The slides were stored at 4°C and in the dark until visualization.

The slides were visualized in the Faculty of Medicine and Dentistry Core
Imaging Facility, at the University of Alberta. Images were acquired with a
spinning disc confocal fluorescence microscope integrated by Quorum
Technologies based on an IX-81 microscope stand (Olympus), laser excitation
from a Laser Merge Module (LMM5, Spectral Applied Research), and a CSU-X1
spinning disk confocal scan head (Yokogawa Electric Corporation). All images
were taken at 60X magnification and recorded on an EMCCD (C9100-13,
Hamamatsu Photonics), using Quorum WaveFX imaging software (Quorum

Technologies Inc). The images were analyzed with Imaris software (Bitplane).

2.7.3. High-content fluorescence microscopy.

Hela cells were plated into glass-bottom ninety six-well plates (PerkinElmer)
at nine thousand cells per well, and duplicate samples were reverse transfected
with siRNAs as described (chapter 2.5.1.). Two days after the siRNA transfection
some of the cells were transfected with the pEGFP-N1 GFP expression construct
as described (chapter 2.6.) On the following day, cells were fixed and stained.
The culture medium was removed by inversion of the plate, and the cells were
washed twice with 100 pl 37°C PBS. The cells were fixed with 100 pl 2%
formaldehyde (Sigma) in PBS.
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Cells were then washed three times in 100 pl PBS for 5 min each. Cells were
permeabilized and blocked with 100 pl saponin buffer (chapter 2.1.) three times
for 5 min each. 50 pl of a 1:100 dilution of the rabbit anti-HK1 primary antibody
(Cell Signaling, rabbit monoclonal, clone C35C4, #2024) in saponin buffer were
added to each well. The plate was incubated for one hour at room temperature.
The cells were then washed twice in 100 pl saponin buffer for 5 min each. 50 pl of
a 1:1000 dilution of goat anti-rabbit secondary antibody (Molecular Probes, goat
polyclonal conjugated to Alexa Fluor 488) and 1:1000 dilution of the nuclear stain
Hoechst 33258 (Molecular Probes) in saponin buffer were added to the cells.
Cells were incubated in the dark for 30 min. Cells were washed twice with 100 pl
saponin buffer for 5 min each. The stained cells were fixed with 100 pl 2%
formaldehyde in PBS for 15 min at room temperature and subsequently washed
twice in 100 pl PBS for 5 min each. Cells were stored in the dark at 4°C until

visualization.

The plate surface was cleaned with 70% ethanol and visualized with the
Operetta High Content Imaging System (PerkinElmer) and the Harmony high

content imaging and analysis software (PerkinElmer).

2.8. Quantitative real-time PCR (QRT-PCR).
2.8.1. RNA purification.

2 ml HeLa cells were plated into six-well plates at a concentration of 4.75 x 10°
cells/ml if the RNA extraction was planned for the subsequent day. To extract
RNA from cells treated with siRNAs, 2.25 x 10° cells were plated into each well,
transfected with siRNAs as described (chapter 2.5.1.) and incubated for 72 h.
Two wells were set up per experimental condition. The cells were treated with 20
ng/ml TNF, if needed. The cells were washed once with 1 ml 37°C PBS, and 500
pl TRIzol reagent (Invitrogen) were added directly into the well. The cells were
incubated for 5 min at room temperature and the cell lysates were scraped off
with a cell scraper (Fisher) and transferred into a microfuge tube. The lysates
were spun in a bench top centrifuge (Eppendorf, 5415R) for 10 min at 12,000 x g
and 4°C and the supernatant was transferred to another microfuge tube. 100 pl
chloroform (Fisher Scientific) were added, and the samples were shaken

vigorously for 15 s.
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The samples were incubated for 3 min at room temperature and then spun in a
bench top centrifuge for 15 min at 12,000 x g and 4°C. The upper aqueous phase
was carefully extracted using gel loading tips and transferred into a new
microfuge tube. 250 pl isopropanol were added. The samples were incubated for
10 min at room temperature (or overnight at -20°C to maximize RNA yield) and
then spun in a bench top centrifuge for 10 min at 12,000 x g and 4°C. The
supernatant was discarded and the pellet was washed once with 75% ethanol
and spun in a bench top centrifuge for 5 min at 7,500 x g and 4°C. The pellet was
dissolved in 20 pl nuclease-free water (HyClone). 1 ul DNase 1 (Invitrogen) was
added and mixed. The samples were incubated at 37°C for one hour to degrade
residual DNA and stored at -20°C.

2.8.2. Measurement of RNA concentration and purity.

The absorbances at 260 nm (Ag) and 280 nm (A,go) of a 1:50 dilution of RNA
in water were measured in a spectrophotometer (Jenway, Genova) with water as
a reference. The concentration of the DNA (cgna) Was calculated according to the

following formula:
Crna (MO/MI) = Asgo X dilution factor (here: 50) x 40 pug/mi

The purity of the DNA (prna) Was calculated as:

Prna = Azso [ Azgo

2.8.3. Synthesis of cDNA.

cDNA was generated from 5 pg template RNA with the gScript cDNA
SuperMix (Quanta Biosciences) according to the following protocol:

16 ul 5 ug template RNA in nuclease-free water (HyClone)
4 ul 5X gScript cDNA SuperMix (Quanta Biosciences)

The mixture was incubated in a Mastercycler ep gradient S thermocycler
(Eppendorf) under the following conditions: 25°C for 5 min, 42°C for 30 min, and
85°C for 5 min, followed by a hold at 4°C. The cDNA was diluted 1:4, 1:16, or

1:64 in nuclease-free water and stored at -20°C.
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2.8.4. qRT-PCR with the SYBR green method.

For guantitative real-time PCR with the SYBR green method, the following
reaction was set up in each well of a full-skirted 96-well PCR plate (twin.tec
0030132521; Eppendorf):

2.5 pl diluted cDNA
2.5 ul 1.6 uM of forward and reverse primer (IDT; table 2.3.)
5.0 yul 2X PerfeCTa SYBR Green FastMix (Quanta Biosciences)

Each sample was measured in technical triplicates for the gene of interest and
the housekeeping gene actin. Transcript amplification was conducted and
monitored with a realplex’ PCR machine (Eppendorf) and realplex 2.2 software
(Eppendorf) according to the following two-step PCR program: one cycle 95°C for
2 min; fourty cycles of 95°C for 15 s and 60°C for 1 min. SYBR green
fluorescence, which indicated the level of dsDNA, was measured at the end of
each 60°C cycle. The fluorescence in all wells was graphed as a function of the
cycle number, and a fluorescence threshold t was identified for the linear stages
of DNA amplification. The corresponding cycle number was defined as the ct
value of the respective well. The melting temperature was determined for each
PCR product by increasing the temperature step-wise from 60°C to 95°C. Melting
of the double-stranded PCR product was indicated by a sudden decrease of
SYBR green fluorescence. The presence of a single fluorescence decrease
across all temperatures confirmed the synthesis of only one specific PCR

product.
The AAct method was used to calculate the expression levels of the gene of
interest in each sample relative to the expression of the experimental control.

To calculate AAct values, the mean of the friplicate ct values for each target
gene was determined. If one of the triplicate values differed from the other two
values by more than a cycle, it was excluded from analysis, and the mean of the

remaining two values was determined.

Mean ct = (ct; + ct, + ctz)/3
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Then the mean ct values for each gene of interest were normalized to the ct

value of the house-keeping gene actin in the same sample.
ACtsample = mean Ctgene of interest sample — mean Ctactin sample
ACtcontrol = mean Ctgene of interest control — M€an Ctactin control

The Act values of each gene of interest were then normalized to the
experimental control.

AAct = ACtsample - ACtc:ontrol
Finally, the relative expression level of the gene of interest was calculated as:

relative expression levelgene of interest = 2 ~AAdt

Table 2.3. List of primer sequences for qRT-PCR experiments.

Gene Primer
A20 F: 5-CTGCCCAGGAATGCTACAGATAC-3'
R: 5-GTGGAACAGCTCGGATTTCAG-3’
IKBA F: 5-GATCCGCCAGGTGAAGGG-3
R: 5-GCAATTTCTGGCTGGTTGG-3’
HK1 F: 5-GGACTGGACCGTCTGAATGT-3
R: 5-ACAGTTCCTTCACCGTCTGG-3'
HK2 F: 5-CCCCGGCAAGCAGAGGTTCGAGAAA-3
R: 5-CAGCAGGGCCAGGCAGTCACTCTCAA-3
actin F: 5-AAGACCTGTACGCCAACAC-3
R: 5-TCCACACGGAGTACTTGC-3’

2.8.5. gRT-PCR with the Tagman method.

For quantitative real-time PCR with the Tagman method, the following reaction
was set up in each well of a full-skirted ninety six-well PCR plate (twin.tec,
0030132521; Eppendorf):
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9 ul diluted cDNA
10 pl 2X Tagman Gene expression Master Mix (Applied Biosystems)
1 pl 20X Tagman Gene Expression Assay (Applied Biosystems)

The Tagman Gene Expression Assay contained specific primers and Tagman
probes for caspase-8 (Hs01018151 _m1; Applied Biosystems) or GAPDH
(Hs02758991 g1; Applied Biosystems). Sample and experimental control were
set up as a triplicate measurement of the cDNA levels of caspase-8 and a
triplicate measurement of the cDNA levels of the house-keeping gene GAPDH.
Transcript amplification was conducted and monitored with a realplex’* PCR
machine (Eppendorf) and realplex 2.2 software (Eppendorf) according to the
following 2-step PCR program: one cycle 50°C for 2 min; one cycle 95°C for 10
min; fourty cycles of 95°C for 15 s and 60°C for 1 min. Tagman probe
fluorescence, which indicated the level of specific PCR product, was monitored at
the end of each 60°C cycle. The fluorescence in all wells was graphed as a
function of the cycle number, and a fluorescence threshold t was identified for the
linear stages of DNA amplification. The corresponding cycle number was defined

as the ct value of the respective well.

The AAct method was used to calculate the expression levels of caspase-8
relative to GAPDH relative to the one of the samples with treated with non-

silencing control siRNA as described (chapter 2.8.4.)

2.9. SDS-PAGE and Western blotting.
2.9.1. Sample preparation.

In general, Western blot samples were prepared from the lysates of a
confluent cell population in one well of a twelve-well plate. To this end, 1 ml cells
was plated at a concentration of 4 x 10° cells/ml if sample preparation was
planned for the subsequent day. siRNA transfection or siRNA and DNA double
transfection experiments cells were plated and transfected as described (chapter
2.5.1)

Samples of cellular fractionation, complex Il immunoprecipitation, and Bax
cross-linking experiments were prepared as described (chapter 2.10., 2.13.3,,
chapter 2.13.5.).
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If the cells were not apoptotic and did not detach, they were harvested
according to the following protocol: The culture medium was aspirated, and the
cells were washed once in 1 ml PBS. The plate was positioned on an ice bath,
and 50 pl lysis buffer 1 (chapter 2.1.) were added. The cells were incubated for
10 min and scraped from the well bottom with a cell scraper (Fisher) and

transferred to a microfuge tube.

If the cells were apoptotic and began to detach, they were harvested according
to the following protocol: The culture medium was collected into a microfuge tube.
The cells were washed once in 500 pl 37°C PBS, which was also collected in the
microfuge tube. 250 pl 37°C 0.25% Trypsin-EDTA (GIBCO) were added to the
cells. The cells were incubated at 37°C in the incubator for 5 to 10 min. The
detachment of cells was confirmed with a light microscope (Zeiss, Axiovert 40C).
The mixture of detached cells, culture medium and PBS in the microfuge tube
was spun in a bench top centrifuge (Eppendorf, 5415R) for 2 min at 1,000 x g and
room temperature. The supernatant was aspirated until around 250 pl
supernatant remained in the microfuge tube. The 250 pl of supernatant in the
microfuge tube were used to wash the well and to transfer all cells into the
microfuge tube. The microfuge tubes were then spun in a bench top centrifuge for
2 min at 1,000 x g and room temperature. The supernatant was carefully
removed with a micropipette. The pellet was resuspendend in 50 pl lysis buffer 1

(chapter 2.1.). The cells were incubated for 10 min on ice.

The lysates were spun in a bench top centrifuge (Eppendorf, 5415R) for 5 min
at maximum speed and 4°C. The soluble fraction of the lysates was transferred
into a new microfuge tube with 80 pl 2X sample buffer (chapter 2.1.) and boiled
for 5 min. Samples that were intended to be probed with PARP1 antibody were
boiled with a modified sample buffer that contained 8M urea (chapter 2.1.).
Samples were stored at -20°C.

2.9.2. SDS-PAGE.

Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) using the Mini-PROTEAN 3 system (Bio-Rad). All
gels were prepared as 1.00 mm gels with the exception of the gels for Bax cross-

linking experiments that required 0.75 mm gels.
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The mixtures for resolving and stacking gel were prepared as listed in table
2.4. In general, 15-well gels were loaded with 15 pl sample, and 10-well gels with
20 ul sample. The gels were run with a constant current of 25 mA per gel. The
gels were run until the visible bromophenol blue front reached the lower end of

the glass plates.

Table 2.4. Components of resolving and stacking gels for SDS-PAGE.

_ stacking
resolving gel
component gel
8% 10% 12% 13.5% 4%
water 1.7 ml 1.3 ml 1.0 ml 0.83 ml 2.0ml
30%
acrylamide:
_ ) 1.3ml 1.7 ml 2.0ml 2.17 ml 496 pl
bisacrylamide
(Bio-Rad)
H=8.8 H=6.8
1M Tris P P
1.9ml 376 ul
10% SDS 50 pl 30 pl
10% APS 50 pl 30 pl
TEMED - Al
(Sigma) H H

2.9.3. Transfer.

Proteins separated by SDS-PAGE were transferred to a nitrocellulose
membrane by semi-dry transfer in a Trans-Blot SD Semi-Dry Transfer Cell (Bio-
Rad). The stacking gel was removed before the transfer. The resolving gel, six
equally sized sheets of chromatography paper (Fisher), and one nitrocellulose
membrane, previously soaked in water, were placed into transfer buffer. The gel
was carefully placed onto the nitrocellulose membrane on top of three sheets of
chromatography paper on the cathode side of the transfer apparatus, and all
bubbles were removed. The gel was covered with three sheets of
chromatography paper. The transfer cell was closed by placing the anode plate

over the gel sandwich. A constant voltage of 20 V was applied.
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The current was set to 0.4 mA per gel. The time period of the transfer varied
with the size of the proteins to transfer. Proteins smaller than 25 kD that were run
on 13.5% gels were transferred for 15 min. Proteins larger than 80 kD that were
separated on 8% gels were transferred for 30 min. Intermediate size proteins that

were resolved on 10% or 12% gels were transferred for 20 min.

Polyacrylamid gels of Bax cross-linking experiments were transferred via wet-
transfer in a Mini Transblot Cell (Bio-Rad). In contrast to the semi-dry transfer, the
sandwich of chromatography paper, gel, nitrocellulose membrane, and
chromatography paper was placed between two fiber pads of a gel holder
cassette and inserted into the electrode module in the buffer tank. Thereby, the
nitrocellulose membrane was positioned between gel and cathode (red). A

constant voltage of 100 V was applied for 1 h.

2.9.4. Western blotting.

Nitrocellulose membranes were placed into a light-proof Western blot
incubation box (LI-COR Biosciences) with PBS. The PBS was replaced by 4 ml
blocking buffer (1:1 mixture of LI-COR blocking buffer (LI-COR Biosciences) and
PBS). The membrane was incubated in blocking buffer for one hour at room
temperature on an orbital shaker under gentle agitation. Subsequently, the
blocking buffer was removed and mixed with 0.1% Tween-20 and primary
antibodies according to the concentrations listed in table 2.5. The primary
antibody solution was poured into the Western blot incubation box and incubated
with the membrane for at least three hours at room temperature or overnight at
4°C on an orbital shaker. The primary antibody solution was removed and stored
at 4°C for subsequent uses. The membrane was washed four times in PBT
(chapter 2.1.) for 5 min each at room temperature and on an orbital shaker. The
secondary antibody solution was prepared in PBT according to the
concentrations listed in table 2.5. and incubated with the membrane for 30 min at
room temperature on an orbital shaker. The membrane was washed 4 times in
PBT for 5 min each on an orbital shaker. Finally, the membrane was rinsed once
in PBS and incubated with PBS on an orbital shaker until visualization.

Visualization was conducted with the Aerius automated imaging system (LI-

COR Biosciences) and Aerius 1.0 software (LI-COR Biosciences).
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The stained membranes were scanned at 700 nm for Alexa Fluor 680

conjugated secondary antibodies and at 800 nm for Alexa Fluor 750 conjugated

secondary antibodies. The resolution was set to 200 um, and the focus offset was

3.0 mm. The sensitivity of the detectors for the fluorescence emission was set to

7.5 initially and then modified according to the requirements of the individual

blots.

Table 2.5. List of primary antibodies used in Western blots. M: mouse, R:

rabbit, MC: monoclonal, PC: polyclonal.

antibody type source dilution

P-I-kB-a, M, MC Cell Signaling, 1:2,000
S32/S36, 5A5 #9246

P-JNK, pTPpY R, PC Promega, V7932 1:2,000

FADD, H-181 R, PC Santa Cruz, sc- 1:1,000
5559

Bax, YTH-2D2 M, MC Trevigen, 2282- 1:1,000

MC-100
cytochrome ¢ M, MC Millipore, 1:1,000
MAB1800

caspase-8, M, MC Cell Signaling, 1:1,000
1C12 #9746

caspase-9 R, PC Cell Signaling, 1:1,000
#9502

cleaved R, PC Cell Signaling, 1:1,000
caspase-3, #9661

Al75

PARP1, C2-10* M, MC Trevigen, #4338- 1:2,000
MC-50

HK1, C35C4 R, MC Cell Signaling, 1:1,000
#2024

HK2, C64G5 R, MC Cell Signaling, 1:1,000
#2867
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VDAC1, 20B12 M, MC Santa Cruz, sc- 1:1,000
58649

actin, AC-40 M, MC Sigma, A3853 1:5,000

pan-actin R, PC Cell Signaling, 1:1,000
#4968

Tubulin, E7 M, PC DSHB 1:1,000

*8M urea in sample buffer

Table 2.6. List of secondary antibodies used in Western blots. G: goat, WB:

Western blot, IF: immunofluorescence.

antibody fluorochrome | type source dilution

mouse IgG | Alexa Fluor 680 G Molecular Probes, 1:10,000
A21057

mouse IgG | Alexa Fluor 750 G Molecular Probes, 1:10,000
A21037

rabbit IgG | Alexa Fluor 680 G Molecular Probes, 1:10,000
A21076

rabbit IgG | Alexa Fluor 750 G Molecular Probes, 1:10,000
A21039

2.10. Cellular fractionation.

2 ml HelLa or A549 cells were plated into a six-well plate at a concentration of
4.75 x 10° cells/ml or 3 x 10° cells/ml, respectively, if the cellular fractionation was
planned for the subsequent day. For experiments with siRNAs, 2.25 x 10° HelLa
or 1.77 x 10° MEF cells were plated into each well of a six-well plate, transfected
with siRNA as described (chapter 2.5.1.) and incubated for seventy two hours.
An entire six-well plate was set up for each experimental condition. If required,
cells were treated with 20 ng/ml TNF and 5 pg/ml CHX, 20 pM CTZ or the CTZ
solvent DMSO in serum-free culture medium for one hour after two washes in
serum-free culture medium, or 5 puM to 40 pM HK1 peptide or control peptide in
serum-free culture medium for one hour after two washes with serum-free culture

medium.
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The cells were washed once in 37°C PBS and incubated with 37°C 0.25%
Trypsin-EDTA (GIBCO) for 5 to 10 min at 37°C in the incubator. Cell detachment
was confirmed with a light microscope (Zeiss, Axiovert 40C). All supernatants and
cells were collected in a 50 ml centrifuge tube (Corning) and then spun in a bench
top multi-purpose centrifuge (Eppendorf, 5810R) for 3 min at 1,000 x g and room
temperature. The pellet was washed twice in 37°C PBS, resuspended and
centrifuged for 2 min at 1,000 x g and room temperature. The cell pellet was
resuspended in 1 ml hypotonic fractionation buffer (chapter 2.1.) and incubated
on ice for 10 min. The cell suspension was then transferred to a pre-cooled 5 ml
glass Potter-Elvehjem type tissue grinder with teflon pestle (Wheaton). The pestle
was connected to a drill press (Caframo Wiarton, RZR1) rotating on level six for
30 s. The cells in suspension were lysed mechanically through the movement of
the pestle against the tissue grinder. The lysis was supported by up and down
strokes of the tissue grinder. Lysis was confirmed by inspection of 10 pl lysate
with a light microscope (Zeiss, Axiovert 40C). The lysate was transferred into a
pre-cooled microfuge tube, and unbroken cells and nuclei were precipitated
through a 5 min spin in a bench top centrifuge (Eppendorf, 5415R) at 700 x g and
4°C. The supernatant was removed without touching the pellet and transferred to
a new microfuge tube. The microfuge tube was respun in a bench top centrifuge
for 5 min at 700 x g and 4°C. The supernatant was removed and transferred to a
new microfuge tube. 50 pl supernatant were transferred to a separate microfuge
tube and stored on ice as a control for the total lysed fraction without nuclei. The
heavy membrane fraction containing the mitochondria was precipitated from the
remaining supernatant with a 15 min spin in a bench top centrifuge at 7,000 x g
and 4°C. The supernatant consisting of cytosol and the light membrane
fraction/microsomes was removed without touching the pellet and transferred to
another microfuge tube. To remove the majority of the light membrane
fraction/microsomes the supernatant was spun in a bench top centrifuge for 30
min at maximum speed and 4°C. The supernatant was considered the cytosolic

fraction and transferred to a new microfuge tube.
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As an alternative to centrifugation in the bench top centrifuge, the samples
were transferred to ultracentrifuge tubes (Beckman Coulter, 0.5 ml thickwall
polyallomer open-top tube, 343777) and spun for one hour at 100,000 x g and
4°C in an ultracentrifuge (Beckman Coulter, Optima TLX Preparative
Ultracentrifuge, 120K with TLA 120.1 rotor) to completely clear the cytosolic
fraction of the light membrane fraction/microsomes. The cytosolic supernatant
was transferred to a new microfuge tube. 100 ul of the pure or lightly
contaminated cytosolic fraction were transferred to a new microfuge and stored

onice.

The heavy membrane/mitochondrial fraction was washed twice with 500 pl
fractionation buffer (chapter 2.1.) and pelleted with a 10 min spin at 7,000 x g
and 4°C. Finally, the fraction was resuspended in 50 pl fractionation buffer and

stored on ice.

The protein content of all samples and fractions was measured with a ninety
six-well Bradford assay (chapter 2.11.) and adjusted to the sample with the
lowest concentration using fractionation buffer (chapter 2.1.). 6X sample buffer
(chapter 2.1.) was added to all samples. The samples were boiled for 5 min and
probed for the proteins of interest by Western blot analysis. VDAC1 served as a
control for the heavy membrane/mitochondrial fraction and tubulin as a control for

the cytosolic fraction.

2.11. 96-well Bradford assay.

The Bradford assay was performed in ninety six-well plates to determine the
protein concentration of cell lysates. Each sample was measured in duplicate.
Each sample well received 9 pl water and 1 yl homogenous cell lysate. Protein
standards were prepared in three duplicate wells that received 1) 10 ul water, 2)
1 pl of a 1:10 dilution of 10 mg/ml BSA (New England Biolabs, equals 1 ug BSA),
3) 8 pl water and 2 pl of a 1:10 dilution of 10 mg/ml BSA (equals 2 ug BSA). 90 ul
of a 1:4.75 dilution of Protein Assay Dye (Bio-Rad) were added to each well and
carefully mixed with the protein solution by gently tapping the plate. The plate
was incubated for 10 min at room temperature and measured with an Envision
fluorescence plate reader (PerkinElmer) with a 590 nm monochromatic filter in

absorbance mode.
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The standard curve was generated in Microsoft Office 2010 Excel as a trend
line of the absorbance (Asq) as a function of the amount of BSA (x) with a and b
as factors that describe the slope and the vy-intercept of the trend line,

respectively.
Asgo = ax + b
The protein concentration of experimental samples (Csample) Was calculated as:

Csample (Ilg/lll) = (A590 - b)/a
2.12. NF-kB reporter assay.

Three thousand five hundred HEK293T cells per well of a three hundred eighty
four-well plate were transfected with siRNAs as described (chapter 2.5.1.). Each
sample was set up in triplicate. 24 h after transfection of the cells with reporter
plasmids (chapter 2.6.), 5 ul antibiotic-free culture medium with 160 ng/ml TNF
were added to 35 pl culture medium in the wells. The cells were incubated with a
final concentration of 20 ng/ml TNF for nine hours. Subsequently, 25 pl culture
medium were aspirated from each well, and a Dual Glo luminescence assay
(Promega) was performed with the exception of the use of half the recommended
amount of STOP and Glo reagent. Briefly, the plate was incubated at room
temperature for 5 min. Then 10 pl Dual Glo Luciferase Assay Reagent (Promega)
were added. Plates were placed on an orbital shaker for 10 min. The
luminescence derived from the NF-kB-induced expression of Firefly luciferase
(PNF-kBluc vector) was measured with an EnVision plate reader (PerkinElmer)
using the settings for ultrasensitive luminescence. A 1:125 dilution of the Dual Glo
Stop and Glo Reagent (Promega) in Dual Glo Stop and Glo Buffer (Promega)
was prepared. 10 pl of the mixture were added to each well of the three hundred
eighty four-well plate. The plate was incubated for 10 min and the luminescence
from the constitutive expression of a thymidine kinase promoter-dependent
Renilla luciferase (pRL-TK vector) was measured with an EnVision plate reader
(PerkinElmer) using the settings for ultrasensitive luminescence. Induced NF-kB
activity was calculated as the difference of the ratio of the Firefly luminescence to

Renilla luminescence between TNF-stimulated and unstimulated samples.
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2.13. Assays for the detection of cell viability and death.
2.13.1. Resazurin viability assay.

The resazurin viability assay was performed as described (chapter 2.5.4.).

2.13.2. DNA staining with SYTO 60.

Cells in a ninety six-well plate that had been examined in a resazurin viability
assay (chapter 2.13.1.) were washed once with 100 pl PBS and then fixed with
100 ul 2% formaldehyde (Sigma) in PBS for 15 min at room temperature. The
cells were washed three times with 100 ul PBS for 5 min each. All media were
removed by inversion of the plate. The cells were stained with 100 pl 250 nM
SYTO 60 (SYTO Nucleic Acid Stain Sampler kit, Molecular Probes) in 50 mM
Tris, pH=7.5 for 60 min at room temperature. The samples were washed two
times with 100 pl PBS for 5 min each. The SYTO 60 fluorescence was visualized
with an Aerius automated imaging system (LI-COR Biosciences) and Aerius 1.0
software (LI-COR Biosciences) at 700 nm. The resolution was set to 200 um, and
the focus offset was 3.0 mm. The sensitivity of the detectors for the fluorescence
emission was set to 7.5 initially and then modified according to the requirements

of the plate.

2.13.3. Immunoprecipitation of complex II.

1.125 x 10° HeLa cells were plated into the wells of a twelve-well plate and
transfected with siRNAs as described (chapter 2.5.1.). A twelve-well plate of cells
was set up for each experimental condition. Seventy two hours after transfection,
the cells were treated with 20 ng/ml TNF and 10 pg/ml CHX to induce complex Il
formation. The supernatant of one culture plate was transferred into a 50 ml
centrifuge tube (Corning). All wells of the plate were washed with 1 ml 37°C PBS.
The PBS was removed and added to the cell culture supernatant. 500 pl 37°C
0.25% Trypsin-EDTA (GIBCO) were added to each well. The cells were
incubated in Trypsin-EDTA for 5 to 10 min at 37°C in the incubator. Detachment
of the cells was confirmed by visual inspection with a light microscope (Zeiss,
Axiovert 40C). 500 pl antibiotic-free culture medium were added to each well and
used to transfer the detached cells to the 50 ml centrifuge tube that contained the
original supernatant. The centrifuge tube was spun in a multi-purpose centrifuge

(Eppendorf, 5810R) for 3 min at 1,000 x g and room temperature.
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The cell pellet was resuspended in 5 ml 37°C PBS and respun under the same
conditions. The cell pellet was resuspended in 1 ml ice-cold lysis buffer 2
(chapter 2.1.) and transferred to a microfuge tube. Microfuge tubes were
incubated for 10 min on ice and spun in a bench top centrifuge (Eppendorf,
5415R) for 10 min at maximal speed and 4°C. The supernatant was transferred to
a new microfuge tube. 100 pl of the supernatant were removed as the input
control and mixed with 20 pl 6x sample buffer (chapter 2.1.) in separate
microfuge tube. 5 pl (2 pg) anti-FADD antibody (Santa Cruz, rabbit polyclonal, H-
181, sc-5559) were added to the remaining supernatant and rocked overnight at
4°C. A 1:1 slurry of sepharose beads coated with protein G (Sigma) in 70%
ethanol was washed three times in 500 pl lysis buffer. The beads were then
blocked with 5% BSA in lysis buffer overnight at 4°C. The following day, the
beads were washed three times with 500 pl lysis buffer. Finally, the beads were
resuspended 1:1 in lysis buffer. 1 mM fresh PMSF and 40 pl of the BSA-blocked
beads in lysis buffer were added to the immunoprecipitation samples. The
samples were rocked for one hour at room temperature and subsequently spun in
a bench top centrifuge for 1 min at 500 x g and 4°C. The supernatant was
removed with gel loading tips. The beads were washed three times with 500 pl
lysis buffer. After the third wash, the lysis buffer was carefully removed and 35 pl
6X sample buffer were added. The samples were boiled for 10 min. 8 pl of input
and immunoprecipitation samples were run on a 13.5% polyacrylamide gel and
probed with an anti-FADD antibody (table 2.5.). 15 pl sample were run on a 12%
polyacrylamide gel and probed with anti-caspase-8 antibody (table 2.5.), and 10
pl sample were run on an 8% polyacrylamide gel and probed with an anti-HK1
antibody (table 2.5.) as described (chapter 2.9.2 t0 2.9.4.).

2.13.4. Bax translocalization to the mitochondria and mitochondrial
cytochrome c release.

2.25 x 10° Hela cells were plated into each well of a six-well plate and
transfected with siRNAs as described (chapter 2.5.1.). An entire six-well plate
was set up for each experimental condition. Seventy two hours after transfection,
cells were treated with 20 ng/ml TNF and 5 pg/ml CHX. All subsequent steps are

identical with the protocol for cellular fractionation (chapter 2.10.).
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The isolated fractions were probed for VDAC1, tubulin, Bax and cytochrome ¢

in Western blot anaysis (chapter 2.9.2t0 2.9.4.).

2.13.5. Bax oligomerization at the mitochondria.

2.25 x 10° HeLa cells were plated into each well of a six-well plate, transfected
with siRNAs as described (chapter 2.5.1.), and incubated for seventy two hours.
An entire six-well plate was set up for each experimental condition. The cells
were treated with 20 ng/ml TNF and 5 pg/ml CHX, harvested, lysed mechanically,
and the heavy membrane/mitochondrial fraction was isolated as described in
chapter 2.10. The mitochondrial fraction was only washed once and then lysed in
500 pl lysis buffer 3 (chapter 2.1.) The samples were incubated for 30 min on ice
and then spun in a bench top centrifuge (Eppendorf, 5415R) for 10 min at
maximal speed and 4°C. The supernatant was transferred to a new microfuge
tube. The protein concentrations in each sample were measured and equalized
as described in chapter 2.11. Each of the samples was split in half, one of the
samples was treated with 1 mM of the cross-linker bismaleimidohexane
(BMH; Thermo Scientific) and the other one with the BMH solvent DMSO. A fresh
20 mM BMH stock was prepared for every experiment. The samples were rocked
for one hour at room temperature. Then the cross-linking reaction was terminated
by rocking the samples with 25 mM DTT for 15 min. The samples were spun in a
bench top centrifuge for 5 min at maximal speed to precipitate any large
complexes that may have formed during cross-linking. The supernatants were
concentrated by acetone precipitation. Four sample volumes of -20°C acetone
were added and mixed by vortexing. The samples were incubated for one hour at
-20°C and subsequently spun in a bench top centrifuge for 10 min at 15,000 x g
and 4°C. The supernatant was aspirated, and the pellet was air-dried. 60 pl 2X
sample buffer containing double the amount of B-mercaptoethanol (chapter 2.1.)
were added. The samples were boiled for 5 min, and 15 pl were run on a 10%
0.75 mm polyacrylamide gel. Proteins were separated by SDS-PAGE and
transferred to a nitrocellulose membrane by wet transfer (chapter 2.9.2. and
2.9.3)).
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2.13.6. TMRE assay for the detection of the IMM potential.

1 ml Hela cells at a concentration of 4 x 10° cells/ml were plated into each
well of a twelve-well plate if the TMRE assay was planned for the subsequent
day. 1 ml HelLa cells at a concentration of 2 x 10° cells/ml were plated into each
well of a twelve-well plate two days prior to the TMRE assay if the cells were
transfected with expression constructs as described (chapter 2.6.). For
experiments with siRNAs, 1.125 x 10° Hela cells or 7.5 x 10* MEF cells were
plated into each well of a twelve-well plate, transfected with siRNA as described
(chapter 2.5.1.) and incubated for seventy two hours. One well of a twelve-well
plate was set up for each experimental condition in addition to one well of cells as
a negative control for TMRE staining. In experiments with GFP expression
constructs a separate well was set up as a positive control for GFP fluorescence
in the absence of TMRE fluorescence. If needed, apoptosis was induced with 20
ng/ml TNF and 5 pg/ml CHX. In the last hour of the experiment, the cells were
first incubated with 1 uM tetramethylrhodamine ethyl ester (TMRE, Molecular
Probes) for 30 min at 37°C in the incubator and then harvested. If the cells were
not apoptotic, the culture medium was aspirated, and TMRE was added in fresh
culture medium. If the cells were apoptotic and began to detach, the culture
medium in the well was not aspirated and 2 uM TMRE were added in a volume
that equalled the volume of the culture medium in the well. After incubation with
TMRE, the culture medium was collected into a 5 ml round bottom tube (12 x 75
mm, 352054; Fisher) suitable for flow cytometry. The wells were washed once in
500 pl 37°C PBS, which was also collected in the tube. 250 pl 37°C 0.25%
Trypsin-EDTA were added to the cells. The cells were incubated for 5 to 10 min
at 37°C in the incubator, and the detachment of the cells was confirmed with a
light microscope (Zeiss, Axiovert 40C). The supernatant in the tube was used to
wash the well and to transfer all cells to the tube. The tubes were spun in a multi-
purpose centrifuge (Eppendorf, 5810R) for 2 min at 1,000 x g and room
temperature. The supernatant was carefully aspirated with a glass Pasteur
pipette attached to a vacuum aspiration system. The pellet was washed with 1 ml
room temperature PBS, respun for 2 min at 1,000 x g, and resuspended in 500 pl
PBS. The percentage of cells with a lower than healthy range of TMRE
fluorescence per cell, was determined by flow cytometry (FACScan, Becton
Dickinson) in the Faculty of Medicine and Dentistry Flow Cytometry Facility at the
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University of Alberta. In cases cells were transfected with GFP expression
constructs, the TMRE fluorescence was measured for the GFP-positive
population. The level of TMRE fluorescence was detected through the FL-2
channel equipped with a 585 nm filter (42 nm band pass) and the level of GFP
fluorescence through the FL-1 channel equipped with a 530 nm filter (30 nm band
pass). Data were aquired on 10,000 cells with fluorescence at logarithmic gain
and analyzed with the CellQuest software (BD Biosciences). TMRE negative cells

were used for calibration.

2.13.7. DEVDase assay for detection of caspase activity.

1.125 x 10° Hela cells were plated into twelve-well plates and transfected with
SsiRNAs as described (chapter 2.5.1.). One well of a twelve-well plate was set up
for each experimental condition. The cells were treated with 20 ng/ml TNF and 5
pg/ml CHX to induce caspase activity. The culture medium was collected into a
microfuge tube. The cells were washed once in 500 pl 37°C PBS, which was also
collected in the microfuge tube. 250 pl 37°C 0.25% Trypsin-EDTA (GIBCO) were
added to the cells. The cells were incubated at 37°C in the incubator for 5 to 10
min. The detachment of cells was confirmed with a light microscope (Zeiss,
Axiovert 40C). The mixture of detached cells, culture medium and PBS in the
microfuge tube was spun in a bench top centrifuge (Eppendorf, 5415R) for 2 min
at 1,000 x g and room temperature. The supernatant was aspirated until around
250 pl supernatant remained in the microfuge tube. The 250 ul of supernatant in
the microfuge tube were used to wash the well and to transfer all cells into the
microfuge tube. The microfuge tubes were then spun in a bench top centrifuge for
2 min at 1,000 x g and room temperature. The supernatant was carefully
removed with a micropipette. The pellet was resuspendend in 100 pl lysis buffer 4
(chapter 2.1.) The lysates were incubated on ice for 10 min and spun in a bench
top centrifuge (Eppendorf, 5415R) for 10 min at maximum speed and 4°C. The
supernatant was transferred to a new microfuge tube. The protein content of each
sample was determined in a ninety six-well Bradford assay as described in
chapter 2.11. A sample containing 100 pg protein was incubated with 50 pM of
the synthetic caspase substrate Ac-DEVD-AMC (N-Acetyl-Asp-Glu-Val-Asp-7-
amido-4-methylcoumarin; Enzo Life Sciences) in reaction buffer (chapter 2.1.) for

1 h at 37°C. Each reaction was set up in triplicate in a ninety six-well plate.
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The caspase activity resulted in substrate processing that was measured as
AMC fluorescence with F355 exitation and F460 emission filter in the plate reader
Wallac Victor2 1420 (PerkinElmer). The data were collected with the Wallac 1420

Workstation software, version 2.0, release 7 (PerkinElmer).

2.13.8. Caspase and caspase substrate processing.

1.125 x 10° HelLa cells, four thousand eight hundred seventy five U20S cells,
or four thousand eight hundred seventy five A549 cells were plated into each well
of a twelve-well plate and reverse transfected with siRNA as described (chapter
2.5.1). One well of a twelve-well plate was set up for each experimental
condition. Three days after transfection, cells were treated with 20 ng/ml TNF and
5 ug/ml CHX to induce caspase and caspase substrate processing. Cells were
harvested and lysed as described in chapter 2.9.1. SDS-PAGE and Western blot
were run as described in chapter 2.9.2. to 2.9.4. Western blots were probed with
antibodies against caspase-8, caspase-9, cleaved caspase-3 and caspase
substrate PARP1 (table 2.5.)
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CHAPTER 3. DEVELOPMENT OF A HIGH-THROUGHPUT
SiIRNA ASSAY FOR MODIFIERS OF TNF-INDUCED DEATH.

A version of this chapter has been published:

Schindler A, Foley E: A functional RNAI screen identifies hexokinase 1 as a
modifier of type Il apoptosis. Cell Signal. 2010. 22(9):1330-40.

The assay was used in the following publications:

Parsons BD, Schindler A, Evans DH, Foley E: A direct phenotypic comparison of
SiRNA pools and multiple individual duplexes in a functional assay. PLoS One
20009. 4(12):e8471.

Mereniuk TR, Maranchuk R, Schindler A, Penner-Chea J, Freschauf GK, Hegazy
S, Lai R, Foley E, and Weinfeld M: Genetic screening for synthetic lethal partners
of polynucleotide kinase/phosphatase: potential for targeting SHP-1 depleted
cancers. Cancer Res. 2012. 72(22):5934-44.
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3.1. HelLa cells are a suitable system to examine TNF-induced death.

Elevated or decreased levels of TNF-induced apoptosis are the cause of
numerous inflammatory and cancerous diseases [20, 54, 457, 458]. Thus, there
is a clear need to identify cellular proteins that regulate cell fate in the presence of
TNF. siRNA technologies are an excellent tool to address that problem as siRNA
allows the rapid generation of transient protein depletion “mutants” in cell culture,

whose behaviour in the context of TNF can be examined.

To this end, | first sought a cellular system with TNF receptor expression and
accessibility to siRNA that faithfully reproduced prominent features of signal
transduction in response to TNF. My choice fell onto the first and most widely
used human cancer cell line HeLa. HeLa cells originate from an adenocarcinoma,
a rare cancer of the mucus-producing gland cells of the epithelium of the
endocervix [459, 460]. They are characterized by high TNF receptor expression
[461] and are easily accessible to siRNA transfections with lipid reagents [437].
Soluble TNF is an excellent tool to specifically activate TNF-R1, and not TNF-R2
signaling [69, 70].

| initially determined whether my stock of HelLa cells reproduced established
features of the TNF-R1 signaling pathway. Specifically, | tested whether TNF
activated NF-kB, MAPK, and caspase signaling [52] and whether the activation of
the caspases depended on weak NF-kB-mediated gene expression [462].

In the absence of TNF, I-kB-a sequesters dimers of NF-kB in the cytoplasm
by masking their nuclear localization signal [463-465]. TNF activates IKKs, which
phosphorylate I-kB-a at serine 32 and serine 36 [463, 465-468]. Phosphorylation
of I-kB-a triggers its ubiquitination and subsequent proteasomal degradation [465,
469]. Free NF-kB dimers translocate to the nucleus and coordinate the
transcription of a large number of target genes [97]. To test if TNF induced the
NF-kB signaling module, | stimulated HeLa cells with TNF and probed the lysates
with an antibody specific for dual phosphorylated I-kB-a on a Western blot (figure
3.1.A). As expected, TNF induced the rapid transient dual phosphorylation of I-
kB-a. I-kB-a phosphorylation peaked ten minutes after the TNF stimulus and
disappeared in the following ten minutes, most likely due to proteasomal

degradation of I-kB-a.
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Figure 3.1. TNF activates NF-kB and JNK modules in HelLa cells. A-B:
Western blots of the time course of I-kB-a (A) and JNK1 and JNK2 (B)
phosphorylation after treatment of HelLa cells with TNF. Cell lysates were
prepared at the indicated time points and probed with an antibody against
phosphorylated I-xB-a (P-lI-xB-a)), phosphorylated JNK1 and JNK2 (P-JNK1/2),
and actin as a loading control. C-D: Representative time courses of A20 (C) and
IKBA (D) gene expression after treatment of HelLa cells with TNF. Cellular cDNA
was prepared at the indicated time points and probed with primers specific for
A20 and IKBA mRNA in quantitative real-time PCR. All values are expressed
relative to actin mRNA levels. The basal gene expression level in untreated cells
was assigned a value of one.
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TNF also activates mitogen-activated protein kinase (MAPK) cascades, which
includes activation of MKK7 and MKK4 [52] that in turn dually phosphorylate and
activate JNK1 and JNK2 at threonine one hundred eighty three and tyrosine one
hundred eighty five [130-133]. To test whether TNF induced JNK signaling in
HelLa cells, | stimulated HelLa cells with TNF and probed the lysates with an
antibody specific for phosphorylated JNK1 and JNK2 on a Western blot. As
expected, TNF triggered the rapid transient phosphorylation of JINK1 and JNK2
(figure 3.1.B) [140, 470]. | observed maximum phosphorylation fifteen minutes
after the TNF stimulus. Active JNK1 and JNK2 induce the AP-1 dependent
expression of dual specificity protein phosphatases (DUSPs) that act in a
negative feedback-loop to remove activating phosphate groups from JNK1 and
JNK2 [471-475]. This is consistent with the gradual decline of phospho-JNK1 and

JNK2 | observed over the fourty five minutes that followed peak phosphorylation.

NF-kB and AP-1 regulate the expression of a vast array of cell survival/anti-
apoptotic, proliferatory, inflammatory, and auto-regulatory genes [104, 138].
Among the latter ones are the genes for I-kB-a (IKBA) [476] and A20 (A20) [477].
A20 is a ubiquitin-editing enzyme that terminates NF-kB activation [159]. It
removes NEMO and RIPK1 K63-linked polyubiquitin chains and catalyses the
formation of K48-linked polyubiquitin chains on RIPK1, which lead to RIPK1
proteasomal degradation [159]. To test whether TNF induced expression of these
genes in Hela cells, | stimulated the cells with TNF and isolated total cellular
RNA. | then generated cDNA and probed it with primers specific for A20 and
IKBA mRNA by quantitative real-time PCR. Figures 3.1.C and 3.1.D demonstrate
the increased expression of A20 and IKBA after continuous exposure of HelLa
cells to TNF. In line with previous findings [478], both genes exhibited an
expression profile typical for early response genes with peak expression at 1 hour
after TNF stimulation. Furthermore, A20 and IKBA were expressed in a cyclical
manner, with a second minor peak expression at 3 hours, which is a typical gene

expression pattern upon continuous TNF exposure [479].
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TNF-induced NF-kB and MAPK signals originate from the TNF receptor
complex or ‘complex I' at the cell membrane [47]. After receptor internalization,
complex Il forms at the endosome and acts as a platform for the induction of
caspase signaling and apoptosis [149]. Diminished NF-kB-mediated transcription
decreases the level of anti-apoptotic gene products and permits activation of
caspase-8 in complex Il [47, 480]. As Hela cells are type Il cells, caspase-8
requires mitochondrial amplification of the pro-apoptotic signal to activate the
apoptosome and downstream effector caspases [162-164]. Treatment with a
combination of TNF and the translation inhibitor cycloheximide (CHX) is a
common method to induce TNF-dependent apoptosis in cell culture. CHX
attenuates the synthesis of NF-kB dependent gene products and allows TNF to
activate caspase signaling [111]. To test if TNF induces cell death after inhibition
of translation, | treated HelLa cells with TNF and CHX and checked for typical

hallmarks of apoptosis.

Decrease of mitochondrial integrity and inner membrane potential indicate
activation of the caspase cascade in type | and type Il cells [162].
Tetramethylrhodamine ethyl ester (TMRE) provides a convenient measure of the
IMM potential in flow cytometric assays [481]. The cationic cell-permeable dye
accumulates in the matrix of metabolically active mitochondria because of its
relative negative charge [481]. Thus, healthy cells exhibit measurable levels of
TMRE fluorescence, while apoptotic cells are characterized by reduced TMRE

fluorescence.

To test the effect of a combined treatment of TNF and CHX on the fate of
HelLa cells, | measured the percentage of cells with reduced TMRE fluorescence
8 hours after treatment with TNF and CHX (figure 3.2.A, B). Treatment with TNF
or CHX alone did not elevate the percentage of cells with reduced TMRE
fluorescence above the levels of a healthy population exposed to the same
culture medium without TNF or CHX. These findings indicate that the dose of
CHX used in these studies does not induce apoptosis. However, a combined
treatment of cells with TNF and CHX led to a pronounced increase in the
population with decreased IMM potential. Furthermore, pre-treatment of cells with

the pan-caspase inhibitor z-VAD-fmk completely abrogated that effect.
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Figure 3.2. TNF combined with CHX induces apoptosis in HelLa cells. A:
Histogram of TMRE fluorescence in HelLa cells after treatment with the indicated
combinations of TNF and CHX for eight hours in comparison to cells that were
not treated with TNF or CHX (untreated). All cells that did not receive z-VAD-fmk
(zVAD) were pretreated with an equal volume of the zZVAD-fmk solvent DMSO. All
values are presented as the mean + S.E.M. of three technical replicates. B:
Quantification of the population M2 in panel A, which represents the percentage
of HeLa cells with a decreased IMM potential (AW),) staining after treatment with
the indicated combinations of TNF and CHX for eight hours in comparison to cells
that were not treated with TNF or CHX (untr.).C: Western blot of caspase-3
cleavage in Hela cells treated with the indicated combinations of TNF, CHX, and
z-VAD-fmk (zVAD) for ten hours. All cells that did not receive z-VAD-fmk (zZVAD)
were pretreated with an equal volume of the zVAD-fmk solvent DMSO. Cell
lysates were probed with an antibody against cleaved caspase-3 (casp-3 p19 and
pl7), and actin as a loading control. D: Light microscopic images of HelLa cells
treated with the indicated combinations of TNF and CHX for ten hours. All cells
that did not receive z-VAD-fmk (zZVAD) were pretreated with an equal volume of
the zVAD-fmk solvent DMSO. Arrowheads indicate representative cells with
apoptotic morphology.
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These observations confirm a need for gene translation for cell survival after
exposure to TNF. They also demonstrate a requirement for caspase activity for

the TNF-induced decrease of mitochondrial integrity in the presence of CHX.

Cleavage of the effector caspase caspase-3 is another hallmark of apoptosis
and occurs downstream of mitochondrial apoptotic changes [162]. | detected
alterations in the levels of cleaved caspase-3 after a combined treatment with
TNF and CHX for ten hours (figure 3.2.C). Similar to the decrease of the IMM
potential, processed caspase-3 only appeared in the presence of both TNF and
CHX, and in the absence of the caspase inhibitor z-VAD-fmk. Light microscope
images of the same cells just before cell lysis (figure 3.2.D) demonstrate that
caspase-3 processing is paralleled by the morphological changes that are
characteristic for apoptosis, including cell rounding and shrinkage, as well as

membrane blebbing [1, 5].

In conclusion, TNF activates NF-kB and JNK modules in HelLa cells and
initiates the expression of auto-regulatory genes. In contrast, treatment of HeLa
cells with TNF and the translation inhibitor CHX induces widespread caspase-
mediated apoptosis. These findings are consistent with literature reports on the
consequences of TNF-R1 activation by soluble TNF [52, 104, 111, 138].

3.2. HeLa cells are accessible to siRNA-mediated modification of TNF

signals.

To determine if | could use siRNAs to modify cell fate decisions in response to
TNF, | depleted two key TNF signaling molecules with opposing molecular
functions. Caspase-8 is essential for activation of the caspase module [48], and
depletion of caspase-8 disables the induction of apoptosis after TNF and CHX
[48]. NEMO is the adapter protein that recruits the IKK complex to the TNF
receptor complex at the membrane, and is crucially important for NF-kB activation
[90, 91]. Exposure of NEMO-depleted cells to TNF results in attenuated NF-«kB
mediated gene expression and activation of the caspase module [482] like a
combined treatment with TNF and CHX. Therefore, the combination of TNF and
CHX on NEMO-depleted cells should result in an even more effective induction of

apoptosis.
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To test if caspase-8 depletion attenuated TNF-induced apoptosis, | transfected
HelLa cells with a commercially available validated caspase-8 siRNA or a non-
targeting control siRNA. | used a lipid-based forward transfection protocol to
deliver the siRNA. To determine whether capase-8 siRNA efficiently reduced
caspase-8 mRNA levels, | isolated total cellular RNA three days after siRNA
transfection. | generated cDNA and measured caspase-8 transcript levels in
guantitative real-time PCR. Cells treated with caspase-8 siRNA exhibited greatly
reduced levels of caspase-8 mMRNA in comparison to control cells treated with a
non-silencing siRNA (figure 3.3.A). The reduction of caspase-8 mRNA levels by
around 70% indicates that the siRNA efficiently targeted caspase-8 mRNA.
However, since my goal was to examine the effect of caspase-8 protein depletion
on TNF signaling, | considered it even more important to monitor caspase-8
protein levels. Therefore, | also prepared cell lysates three days after the
transfection of HelLa cells with caspase-8 siRNA, a control siRNA, or no siRNA
and probed the cell lysates with an antibody against caspase-8 on a Western
blot. | detected pronounced caspase-8 expression in cells treated with unspecific
or no siRNA, and greatly reduced amounts of caspase-8 protein in cells treated
with caspase-8 siRNA (figure 3.3.B).

With suitable siRNA transfection conditions in place, | examined whether
depletion of caspase-8 modified the ability of TNF and CHX to induce apoptosis
in target cells. For these experiments, | treated HelLa cells with either no siRNA,
non-targeting SiRNA or caspase-8 siRNA, incubated the cells for three days and
induced apoptosis with TNF and CHX. | then examined several hallmarks of
apoptosis. Five hours after treatment with TNF and CHX, | prepared cell lysates
and incubated them with the artificial caspase substrate DEVD-AMC. Caspases
generally cleave substrates after the tetrapeptide motif X4E3X,D;, in which
position four and two regulate substrate affinity for specific caspases [9, 483,
484]. DEVD-AMC is best cleaved by the executioner caspases caspase-3 and to
a lesser extent by caspase-7, but also by caspase-8 and 9 [485]. As such, DEVD-

AMC cleavage provides a proxy measure of activity in the caspase cascade.
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Figure 3.3. siRNA-mediated depletion of caspase-8 blocks apoptosis in
HelLa cells treated with TNF and CHX. A: Relative expression levels of CASP8
in HelLa cells treated with a non-silencing control siRNA (ctrl.), or caspase-8
SiRNA (casp-8). Cellular cDNA was probed with Tagman primers specific for
CASP8 mRNA in quantitative real-time PCR. All values are expressed relative to
GAPDH mRNA levels, and the basal gene expression level in untreated cells
incubated with control siRNA was assigned a value of one. B: Western blot of
Hela cells treated with no siRNA (none), a non-silencing control siRNA (ctrl.), or
caspase-8 siRNA (casp-8). Cell lysates were probed with an antibody against
caspase-8, and actin as a loading control. C: Representative DEVD-specific
caspase activity of HeLa cells incubated with TNF and CHX for five hours. HelLa
cells were pretreated with no siRNA (none), a non-silencing control siRNA (ctrl.),
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or caspase-8 (casp-8) siRNA. Cell lysates were incubated with the artificial
caspase substrate DEVD-AMC, and AMC fluorescence resulting from caspase
activity was measured and reported relative to basal fluorescence levels in
untreated cells incubated without siRNA (none). All values are represented as the
mean + S.E.M. of three technical replicates. D: Percentage of HelLa cells with
decreased IMM potential (AW)) in a representative cytometric TMRE assay after
treatment with TNF and CHX for eight hours. HelLa cells were pretreated with no
siRNA (none), a non-silencing control siRNA (ctrl.), or caspase-8 siRNA (casp-8).
E: Western blot of cleaved caspase-3 (casp-3 pl9) in HelLa cells treated with
TNF and CHX for ten hours. Cells were pretreated with no siRNA (none), control
SiRNA (ctrl.), or caspase-8 siRNA (casp-8). Cell lysates were probed with an
antibody specific for cleaved caspase-3, and actin as a loading control. F: Light
microscopic images of HelLa cells treated with TNF and CHX for five hours. HeLa
cells were pretreated with no siRNA (none), a non-silencing control siRNA (ctrl.),
or caspase-8 siRNA (casp-8). Arrowheads indicate representative cells with
apoptotic morphology.
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Caspase-mediated DEVD-AMC processing results in the release of the
fluorescent group 7-Amino-4-methylcoumarin  (AMC). | detected AMC
fluorescence with a fluorescence plate reader. Incubation of HelLa cells with TNF
and CHX induced proteolytic cleavage of DEVD-AMC in cells transfected with a
non-targeting siRNA or no siRNA (figure 3.3.C). In contrast, proteolytic cleavage
of DEVD-AMC was greatly reduced in cells treated with caspase-8 SiRNA.
Similarly, TNF and CHX did not reduce the IMM potential in HeLa cells depleted
of caspase-8 (figure 3.3.D). Additionally, reduced levels of caspase-8 hindered
the production of caspase-3 cleavage products following exposure to TNF and
CHX in comparison to HelLa cells transfected with a non-silencing siRNA or no
siRNA (figure 3.3.E). Finally, depletion of caspase-8 resulted in a healthier
morphological phenotype after treatment with TNF and CHX (figure 3.3.D). In
conclusion, caspase-8 siRNA effectively depleted caspase-8 from HelLa cells,
and hindered the induction of apoptosis induction by TNF and CHX. These data
are consistent with a role for caspase-8 as the initiator caspase in the caspase

cascade and as a central integrator of pro- and anti-apoptotic signals.

| then examined the consequences of NEMO depletion on TNF-induced death.
NEMO is required for TNF-responsive transduction of pro-survival signals through
NF-kB [90, 91, 482]. siRNA-mediated depletion of NEMO in HelLa cells reduced
TNF-induced phosphorylation of I-kB-a in comparison to control cells (figure
3.4.A). However, cells with NEMO depletion were able to generate a significant
amount of phosphorylated I-kB-a. This finding may indicate that NEMO was not
sufficiently depleted and that residual amounts of NEMO activated NF-kB
signaling or that alternate routes for NF-kB activation, such as NEMO-
independent non-canonical NF-kB signaling, were unexpectedly available [97,
486]. Depletion of NEMO in HelLa cells attenuated but did not abrogate NF-kB
mediated gene transcription in the presence of TNF. In cells transfected with
NEMO siRNA or a non-silencing control siRNA, TNF triggered a significant
increase in A20 and IKBA mRNA levels typical for early response genes [478].
NEMO depletion decreased the ability of TNF to induce A20 and IKBA expression
(figures 3.4.B, C).
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Figure 3.4. NEMO siRNA alters TNF-induced NF-kB signaling. A: Western
blot of the time course of I-kB-a. phosphorylation in HelLa cells pretreated with
NEMO siRNA or a non-silencing control siRNA (ctrl.). Cells were incubated with
TNF for the indicated time periods, and cellular lysates were probed with an
antibody against phosphorylated I-xB-a (P- I-xB-a)), and actin as a loading
control. B,C: Representative time courses of A20 (B) and IKBA (C) gene
expression in HelLa cells pretreated with NEMO siRNA or a non-silencing control
SiRNA (ctrl.). Cells were treated with TNF for the indicated time periods, and
cellular cDNA was probed with primers specific for A20 and IKBA mRNA in
guantitative real-time PCR. All values were expressed relative to actin mRNA
levels, and the basal gene expression level in untreated cells incubated with
control siRNA was assigned a value of one. D: Representative viability of HeLa
cells depleted of NEMO after a treatment with TNF for fifteen hours. Control cells
were treated with a non-silencing control siRNA (ctrl.) or no siRNA (none).
Viability was determined in a resazurin viability assay. E: Percentage of HelLa
cells with a decreased IMM potential (AW),) in a representative cytometric assay
with TMRE after treatment with TNF and CHX for eight hours. HelLa cells were
pretreated with NEMO siRNA or non-silencing control siRNA (ctrl.).
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| then asked if depletion of NEMO with siRNA shifted the balance of TNF-induced
survival to TNF-induced apoptosis. For these experiments, | transfected HelLa
cells with no siRNA, a non-silencing control siRNA or NEMO siRNA, and treated
with various doses of TNF three days after transfection. | then measured the
viability of the cells in a resazurin viability assay, which measures the metabolic
activity of cells in a flourimetric manner. Interestingly, the viability of NEMO-
depleted cells is unchanged relative to the viability of control cells treated with an
unspecific siRNA after fifteen hours incubation with TNF (figure 3.4.D). Cells that
were mock transfected with water and transfection reagent exhibited slightly
increased levels of viability, regardless of the dose of TNF. This was likely due to
a reduced amount of non-specific siRNA-mediated toxic side effects of the
transfection protocol. The inability of TNF to induce apoptosis in NEMO-depleted
HelLa cells was unexpected [482], but may be explained by the residual NF-kB

transcriptional activity in NEMO-depleted cells.

To test if the depletion of NEMO from HelLa cells affected the induction of
apoptosis by a combination of TNF and CHX. To test this, | exposed HelLa cells
transfected with a non-silencing control siRNA or a NEMO siRNA to TNF and
CHX and measured the percentage of cells with a decreased IMM potential in a
TMRE assay. Depletion of NEMO alone led to a mild increase of the cell
population with a decreased IMM potential in the absence of TNF and CHX
(figure 3.4.E). In contrast, treatment of NEMO-depleted HelLa cells with TNF and
CHX greatly increased the percentage of cells with a decreased IMM potential in
comparison to control cells. Specifically, around 75% of NEMO-depleted cells
exhibited a decreased IMM potential in contrast to around 25% of control cells. In
summary, NEMO depletion in HelLa cells attenuated the TNF-induced activation
of NF-kB signaling. However, the level of reduction of NF-kB signaling through
NEMO depletion was not sufficient to shift the balance of the TNF-induced
response from survival to apoptosis. In contrast, depletion of NEMO enhanced
the ability of the TNF and CHX regime to induce apoptosis. These findings are

consistent with the established pro-survival roles for NEMO.

In summary, | conclude that the depletion of key TNF signaling molecules with
siRNA, modified the level of apoptosis induced by TNF and CHX.
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siRNA-mediated depletion of pro-survival proteins, such as NEMO, enhanced
cell death, while depletion of pro-apoptotic proteins, such as caspase-8,
decreased TNF-induced death. These observations suggest that siRNA

technology is a suitable tool to identify novel modifiers of TNF-induced death.

3.3. A high-throughput siRNA assay for modifiers of TNF-induced death.

To establish the conditions for a high-throughput siRNA assay for TNF-
induced death, | first developed a functional assay to detect TNF-induced death.
The selection criteria were high sensitivity, feasibility as a high-throughput assay,
simplicity, availability of required instrumentation, and cost effectiveness. The
resazurin viability assay (commercially available as Alamar Blue, CellTiter Blue,
or Cell toxicity Colorimetric/Fluorometric Assay)[487] satisfied those criteria. The
assay reports the viability of cells by the addition of a non-toxic resazurin solution
to the culture medium and readout of a fluorescent signal in a plate reader [487].
The basis for the viability assay is the reduction of the blue resazurin to the pink,
highly fluorescent resorufin in living cells [487]. The enzymatic reduction of
resazurin occurs in mitochondria through flavin mononucleotide (FMN)
dehydrogenase, flavin adenine dinucleotide (FAD) dehydrogenase, nicotinamide
adenine dinucleotide (NAD+) dehydrogenase and cytochromes as well as in the
cytosol or microsomes of the cell through NADPH:quinine oxidoreductase, flavin
reductase, and cytochromes [487]. The assay is simple, sensitive, and can easily

be executed in ninety six or three hundred eighty four-well format.

| then established a ninety six-well siRNA assay for modifiers of TNF-induced
death in HelLa cells. Based on common screening practice and my success to
deplete caspase-8 and NEMO, | set the incubation period with siRNAs to three
days. This seems to be an ideal period to deplete residual amounts of most target
proteins, while maintaining siRNA-mediated mRNA destruction [440, 488]. Based
on recommendations by the siRNA manufacturer and the successful transfection
of caspase-8 and NEMO siRNA, | set the siRNA concentration to 20 nM.

Subsequently, | visually determined the amount of HelLa cells | had to seed
into each well of a ninety six-well plate to achieve a near confluent HeLa cell
population three days later. This strategy ensured that | would examine a

maximal amount of healthy HelLa cells in the exponential growth phase.
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I used that cell number to determine the ideal lipid transfection reagent
(Dharmafect 1) and its concentration for siRNA delivery. | performed the titration
experiment with a commercially available assay designed for RNAIi optimization.
Specifically, | transfected HelLa cells with a control siRNA or a validated siRNA
that targets glyceraldehyde 3-phosphate dehydrogenase (GAPDH). On day three,
I measured the GAPDH activity in the cell lysates of both groups in a
fluorescence-based assay. | determined that an increasing concentration of
transfection reagent decreased the GAPDH activity in control cells (figure 3.5.A).
Lipid transfection reagents have cytotoxic side effects as they compromise the
integrity of the cellular membranes. A visual inspection of the cells revealed that
an increasing concentration of transfection reagent decreased the viability of the
cells, which likely caused decreased GAPDH activity. However, an increasing
concentration of transfection reagent also increased the loss of GAPDH activity
through GAPDH siRNA (figure 3.5.B). | calculated the optimal compromise
between cytotoxic effects of the transfection reagent and the transfection
efficiency (the optimal balance factor) according to the instructions of the
manufacturer as the product of the GAPDH activity in control cells and relative
decrease of GAPDH activity through GAPDH siRNA (figure 3.5.C).

Next, | combined optimized siRNA delivery with the resazurin viability assay. |
prepared a resazurin solution according to the concentration of commercially
available solutions and added the recommended proportion [489] to the culture
medium of cells treated with non-silencing control siRNA for three days.
Incubation of cells with resazurin resulted in the accumulation of fluorescent
resorufin that | detected with a fluorescence plate reader (figure 3.6.A). In the
first two hours of the incubation, the resazurin fluorescence increased linearly
with time. The increase of the resorufin fluorescence decelerated two hours after
the resazurin treatment, and did not increase further five hours after the resazurin
treatment. The saturation of the resorufin fluorescence may result from the
decline of resazurin or from the conversion of the pink, fluorescent resorufin into
transparent, non-fluorescent hydroresorufin [489]. To measure maximal
unsaturated resorufin fluorescence, | set the incubation period with resazurin to
1.5 hours.
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Figure 3.5. Optimization of siRNA delivery for the high-throughput siRNA
assay. A: GAPDH activity in lysates of HelLa cells transfected with GAPDH
SiRNA or non-silencing control siRNA (ctrl.) with the indicated amounts of
transfection reagent per condition. GAPDH activity was measured in a
fluorescence-based assay and is presented as mean GAPDH activity + S.E.M. of
two technical replicates. The shaded area marks the optimal amount of
transfection reagent. B: Same experiment as in panel A. The relative GAPDH
activity in lysates of HelLa cells transfected with a GAPDH siRNA is presented for
the indicated amounts of transfection reagent. All values were normalized to the
GAPDH activity in lysates of cells treated with a non-silencing control siRNA
(ctrl.). The relative GAPDH activity in lysates of cells that were not treated with
transfection reagent was assigned a value of one. All other values are presented
relative to that value. The shaded area marks the optimal amount of transfection
reagent. C: Same experiment as in panel A. Optimal balance factor or the
mathematical product of GAPDH activity in lysates of HelLa cells transfected with
non-silencing siRNA and the relative loss of GAPDH activity through the GAPDH
siRNA. Cells were transfected with the indicated amounts of transfection reagent.
The shaded area marks the optimal amount of transfection reagent.
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Figure 3.6. Optimization of the high-throughput viability assay. A: Time
course of resorufin fluorescence in a near confluent population of HelLa cells.
Cells were transfected with a non-silencing control siRNA and incubated
resazurin for the indicated time periods. Resorufin fluorescence is presented as
the mean fluorescence + S.E.M. of two technical replicates. The shaded area
marks the optimal incubation period with resazurin. B: Time course of the viability
of HelLa cells that were transfected with a non-silencing control siRNA and
treated with TNF and CHX for the indicated time periods. Viability was measured
in a resazurin viability assay. C: Viability of HelLa cells transfected with a non-
silencing control siRNA and treated with a constant concentration of 5 pug/ml CHX
and the indicated concentrations of TNF for fifteen hours. Viability was
determined in a resazurin viability assay. The shaded area marks the optimal
concentration of TNF. D: Viability of HeLa cells transfected with a non-silencing
control siRNA and treated with a constant concentration of 20 ng/ml TNF and the
indicated concentrations of CHX for fifteen hours. Viability was determined in a
resazurin viability assay. The shaded area marks the optimal concentration of
CHX.
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| then determined a time point that was ideal to observe siRNA-mediated
modifications to the level of TNF-induced death in HelLa cells treated with a
control siRNA. Incubation with TNF and CHX decreased the resorufin
fluorescence with time (figure 3.6.B). This reflected decreased metabolic activity
in dying HeLa cells. At twenty five hours after treatment with TNF and CHX, the
resorufin fluorescence approached background levels suggesting that point all
HelLa cells were metabolically dead at that time. | concluded that the ideal time
frame to observe siRNA-mediated modification of the levels of TNF-induced
death positioned between zero and twenty five hours incubation with TNF and
CHX. As fifteen hours incubation with TNF and CHX resulted in approximately
half maximal cell death, | reasoned that this time point was ideal for the
identification of siRNAs that enhance or attenuate the induction of cell death by
TNF and CHX.

Subsequently, | identified the concentrations of TNF and CHX required for
optimal induction of cell death in HeLa cells treated with a control siRNA. To
determine the optimal concentration of TNF, | kept the amount of CHX constant.
Increasing concentrations of TNF decreased the viability of HelLa cells in this
assay (figure 3.6.C), and Hela cell death approached maximal levels at 20 ng/ml
TNF. From these data, | concluded that 20 ng/ml TNF was sufficient to induce
maximal cell death. Similarly, | determined that 5 pg/ml CHX were sufficient to

induce maximal cell death in combination with 20 ng/ml TNF (figure 3.6.D).

The optimization resulted in the following protocol for a high-throughput siRNA
assay to identify modifiers of TNF-induced death (figure 3.7.): | transfected HelLa
cells with individual siRNAs on day one. A subsequent 3 day incubation period
allowed the depletion of the target protein in the cell. On day four, | treated
duplicate cell populations with culture medium, or culture medium with TNF and
CHX to induce apoptosis. | measured cell viability under both conditions in a

resazurin viability assay.

To validate this approach, | tested the protocol with caspase-8 and NEMO
control siRNAs detailed in chapter 2.2. Specifically, | transfected HelLa cells with
no siRNA, a non-silencing siRNA, caspase-8, or NEMO siRNA in a ninety six-well

plate and incubated the cells for three days.
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Figure 3.7. A high-throughput siRNA assay for modifiers of TNF-induced
cell death. HelLa cells were transfected with individual SiRNAs and incubated for
three days. Duplicate cell populations remained untreated or were treated with
TNF and CHX to induce apoptosis. The cell viability under both conditions was
determined in a resazurin viability assay.

108



I then induced apoptosis with TNF and CHX and measured cell viability at
defined intervals after treatment with TNF and CHX. Over the course of thirty
hours cells transfected with non-targeting siRNA or no siRNA almost completely
lost their reactivity towards resazurin (figure 3.8.A). The largest drop in cell
viability occurred four hours after the treatment with TNF and CHX. In agreement
with the results in chapter 2.2., cells depleted of NEMO approached background
levels of resazurin fluorescence faster than control cells, which is indicative of
accelerated cell death. | measured the highest rate of death in NEMO depleted
cells in the initial phase of the time course, after the first five hours of treatment
with TNF and CHX. Caspase-8 depleted cells were still viable at thirty hours after

begin of the treatment. At that point their original viability was reduced by 40%.

A photo of the assay plate after measurement of resorufin fluorescence
demonstrates that the control siRNAs caspase-8 and NEMO generated visible
phenotypes in the resazurin viability assay (figure 3.8.B). Figure 3.8.C shows
the same ninety six-well plate following fixation of the cells and staining with
nuclear acid stain SYTO red. Apoptosis leads to cell shrinkage, detachment from
the plate, nuclear fragmentation, chromatin condensation and DNA fragmentation
[1, 5], which are all factors that result in a reduced levels SYTO red staining in
apoptotic cells. The SYTO red assay reflected the results of the resazurin viability
assay. Cells treated with control siRNA or no siRNA showed a significant
reduction in the level of staining with SYTO red over the course of the three hours
treatment with TNF and CHX. In contrast, cells depleted of caspase-8 stained
throughout the entire time period. Cells depleted of NEMO were characterized by
accelerated reduction in staining intensity.

| conclude that the high-throughput resazurin assay is functional and detects
TNF-induced cell death. Over the thirty hours, the viability of control cells
decreased almost five-fold. Furthermore, the resazurin assay generated
prominent siRNA phenotypes with the validated caspase-8 and NEMO control
siRNAs. Due to the opposing roles that caspase-8 and NEMO play in TNF-
induced apoptosis, they are ideal positive controls for pro-apoptotic and anti-
apoptotic siRNA phenotypes in the high-throughput siRNA screen. Both siRNAs
exhibited the greatest deviation from the level of TNF-induced death in control
cells at fifteen hours.
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Figure 3.8. Depletion of caspase-8 or NEMO in the high-throughput siRNA
assay modifies the rate of TNF-induced death. A: Representative time course
of the viability of HeLa cells treated with TNF and CHX for the indicated time
points in a resazurin viability assay. Cells were treated with caspase-8 (casp-8)
siRNA or NEMO siRNA, respectively. Control cells were treated with a non-
silencing control siRNA (ctrl.), or no siRNA (none). B: Photograph of the section
of the corresponding ninety six-well plate for the results in panel A. C:
Fluorescence scan of the same section of a ninety six-well plate as in panel B,
but cells were washed and reprobed with the cell-permeable, fluorescent nucleic
acid stain SYTO 60.

110



>
N w
o © o

= untreated
m TNF+CHX

=N
o

rel. viability

—

o
OUI

none ctrl.  casp-8 NEMO
siRNA

@

3.5
2.5
1.5

1
0.5 I
0 I O

none ctrl.  casp-8 NEMO
siRNA

death index

(9]
N WA oo

death index

untr.  TNF CHX TNF TNF TNF
CHX CHX CHX
DMSO zVAD

Figure 3.9. The high-throughput siRNA assay identifies TNF signaling
components as modifiers of TNF-induced death. A: Viability of HelLa cells
treated with no siRNA (none), a non-silencing control siRNA (ctrl.), caspase-8
(casp-8), or NEMO siRNA, and incubated with TNF and CHX for fifteen hours.
Control cells were treated with the same siRNAs and no TNF or CHX. Viability
was determined in a resazurin viability assay and expressed as the average
viability + S.E.M. of two technical replicates. The viability of cells treated with
control siRNA (ctrl.) in the presence of TNF and CHX was assigned a value of
one. B: Corresponding death indices for panel A. The death index is expressed
as the average death index + S.E.M. of two technical replicates. The death index
of cells treated with a control siRNA (ctrl.) was assigned a value of one. C:
Representative death indices of cells treated with the indicated combinations of
TNF, CHX, DMSO, and z-VAD-fmk (zVAD) for fifteen hours. Death indices are
presented as the mean values of three technical replicates + S.E.M. All values
are reported relative to the death index of untreated cells (untr.), which was
assigned a value of one.
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| conclude that this is the ideal time point to identify novel modifiers of TNF-
induced death. Therefore, | set the duration of the treatment with TNF and CHX in
the high-throughput siRNA screen to fifteen hours, which includes incubation with

resazurin for the last 1.5 hours.

To validate the assay conditions, | determined the viability of cells treated with
non-silencing siRNA, in cells treated with caspase-8 siRNA or in cells treated with
NEMO siRNA after fifteen hours incubation with TNF and CHX (figure 3.9.A, B).
After a fifteen hour treatment with TNF and CHX, control cells exhibited a greater
than 2.5 fold reduction in their original viability. Caspase-8 depleted cells
exhibited less than half of that reduction, whereas NEMO-depleted cells exhibited
around three times the reduction of control cells. A resazurin viability test on cells
treated with CHX for fifteen hours confirmed that CHX alone did not decrease cell
viability (figure 3.9.C). In summary, the assay reliably uncovered NEMO and
caspase-8 as inhibitors and activators of TNF-induced cell death, respectively.
From these observations, | conclude that the high-throughput siRNA assay is

suited to identify novel modifiers of TNF-induced death.

112



CHAPTER 4. AN siRNA SCREEN FOR MODIFIERS OF TNF-
INDUCED DEATH.

A version of this chapter has been published:

Schindler A, Foley E: A functional RNAI screen identifies hexokinase 1 as a
modifier of type Il apoptosis. Cell Signal 2010. 22(9):1330-40.
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4.1. An siRNA screen for modifiers of TNF-induced death.

| conducted a high-throughput siRNA assay to identify novel modifiers of TNF-
induced death. Specifically, | transfected HelLa cells with siRNAs that target nine
hundred eighty six human kinases, phosphatases and associated proteins and
monitored cell viability in the presence and absence of a combination of TNF and
a sub-lethal dose of the translation inhibitor CHX. | chose to screen kinases and
phosphatases, because they are a functional class of proteins with established
roles in TNF-induced NF-kB and JNK signaling [52]. All siRNAs originated from
commercially available siRNA libraries that targeted each protein with three
individual non-overlapping siRNAs to increase the likelihood of depletion
phenotypes, and to include a means to identify possible off-target effects (OTE)
[490].

The organization of each siRNA plate is outlined in figure 4.1.A. Each plate
contained eighty or eighty eight experimental siRNAs and a number of control
wells that included no siRNA, non-silencing siRNA, caspase-8, or NEMO siRNA. |
assayed each plate in duplicate in the presence or absence of TNF and CHX to
distinguish siRNAs that affected cell viability or cell numbers in general from
siRNAs with a TNF-specific effect. | defined TNF-induced death or the ‘death
index’ for each siRNA as the ratio of the average cell viability in the absence of
TNF and CHX to the average cell viability in the presence of TNF and CHX
(figure 4.1.B).

4.2. Analysis of the screen data.

The ranges of the raw resorufin fluorescence values from plates treated with
TNF and CHX were clearly distinct and decreased in comparison to those of
untreated plates (figure 4.2.A), which indicated the assay detected the induction
of death by a regime of TNF and CHX. Replicate plates mostly exhibited very
similar ranges of fluorescence values. However, there were prominent subset-to-
subset variations in the fluorescence ranges across all one hundred fifty six
plates, which is typical for SiRNA screens performed in several (here ten) subsets
[491].
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Figure 4.1. Plate layout and flow chart of the assay employed in the siRNA
screen for modifiers of TNF-induced death. A: Locations of experimental and
control siRNAs for kinase and phosphatase ninety six-well siRNA plates. Control
siRNAs targeted caspase-8 (casp-8), NEMO, or were non-silencing (ctrl.). Half of
the control wells in the phosphatase plates (grey area) were treated with culture
medium or culture medium with TNF and CHX opposed to the general treatment
of the plate. B: Flow chart of the SiRNA screen assay. Hela cells were
transfected with each ninety six-well library plate in quadruplicate. After a three
day incubation period, two of the four plates were treated with TNF and CHX in
culture medium to induce apoptosis, and two plates were treated with culture
medium only. Cell viability was determined in a resazurin viability assay. TNF-
induced cell death (the death index) was determined as the ratio of the average
viability without TNF or CHX treatment to the average viability with TNF and CHX
treatment.
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Figure 4.2. Normalization of screened plates. A: Distributions of the raw
resorufin fluorescence values from all plates in the absence (plate one to seventy
eight) and presence (plate seventy nine to one hundred fifty six) of TNF and CHX.
Each vertical distribution of data values represents the raw resorufin fluorescence
values for all experimental siRNAs on one plate (black lines). The raw
fluorescence values for the control SiRNAs caspase-8 (green circles) and NEMO
(red circles) are also indicated for each plate. The order of the untreated plates
corresponds to the order of the plates treated with TNF and CHX. For example,
untreated plate one and treated plate seventy nine were screened on the same
day. The brackets indicate plate set thirty one to fourty two and one hundred nine
to one hundred twenty with a major variation of the raw fluorescence ranges from
the remaining plate sets. B: Plate normalization. The raw fluorescence values of
cells treated with experimental and control siRNAs were normalized to the mean
raw fluorescence value of the cells treated with non-silencing control siRNAs on
each plate, which was assigned a value of one. All other fluorescence values are
shown relative to that value.
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For example, the subset that consisted of plates thirty one to fourty two treated
with fresh culture medium and plates one hundred nine to one hundred twenty
treated with TNF and CHX exhibited significantly lower raw fluorescence values

than other subsets (indicated with brackets).

I normalized each fluorescence value in one assay plate to the average
fluorescence value of the plate-internal non-silencing siRNA controls (figure
4.2.B). Plate normalization with plate-internal controls is the recommended
normalization method for a non-randomized distribution of siRNAs over siRNA
plates, especially when the set of SiRNAs covers only a specific class of proteins,
like kinases and phosphatases, and a high density of hits is expected [492, 493]. |
set the average viability of non-silencing control siRNAs to one, regardless of
whether the plates received TNF treatment or not. As a result, death indices of
non-silencing siRNA controls also obtained a value of one. Plate normalization
mostly eliminated subset-to-subset variability and generated comparable viability

values (figure 4.2.B).

4.3. Quality of the screen data.

To visualize the distribution of normalized viability values over the wells of the
ninety six-well plates, | generated a combination of bubble chart and heat map for
all one hundred fifty six screened plates (appendix 3). Overall, normalized
viability values of cells untreated or treated with TNF and CHX fell into the
expected ranges. | detected a few minor plate effects that mostly manifested as

edge effects.

In general, viability scores were reproducible across replicate plates. | graphed
duplicate values for all siRNAs in a scatter plot, in which each dot represents an
siRNA with one replicate value on the x-axis and the second replicate value on
the y-axis [491]. Replicates 1 and 2 are identical if they fall onto the identity line y
= 1x. | determined a coefficient of determination R? of 0.6742 for replicate values
to fall on the identity line (figure 4.3.). This means the correlation r between
replicate one and replicate two is around 82%, which indicates a significant

degree of reproducibility between replicate measurements.
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Figure 4.3. Level of identity between replicate plates in the screen.
Scatter plot of the normalized viability of all cells treated with siRNAs from the
phosphatase and kinase libraries in the absence and presence of TNF and CHX.
All viability values from replicate one are plotted on the x-coordinate and the
corresponding viability values for replicate two on the y-coordinate. The
coefficient of determination (R?) for identity of replicate one and replicate two
(y=1x) is indicated.
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Subsequently, | determined the mean normalized viability value for each
replicate siRNA. The normalized viability values for each gene and siRNA are

presented in appendix 4.

The performance of control siRNAs is another quality measure of siRNA
screens [491]. In a good screen, positive controls should generate clear
phenotypes that match to their established molecular functions. That phenotype
should be distinct from the negative control SiRNAs that do not have a phenotypic
effect [491]. Positive controls with opposing phenotypes should not overlap [491].
To judge the dynamic ranges between siRNA controls in my screen, | visualized
the distributions of the normalized viability values for caspase-8 and NEMO
siRNAs. The normalized viability values of non-silencing siRNA controls did not
have a distribution as they were set to one. | presented the distributions of the
positive controls as Kernel density estimates [456], which are smoothened
continuous histograms, built on the assumption that each data point is not just a
point but the mean of a set of samples with normal distribution. All data point

distributions are summed up to create the smoothened histogram.

As anticipated, caspase-8 and NEMO siRNA viability values distributed around
one in the absence of TNF and CHX (figure 4.4.A). In fact, caspase-8 and
NEMO siRNAs did not serve as positive controls for that condition. In contrast,
cells treated with NEMO siRNA exhibited very low viability values of around 0.4 in
the presence of TNF and CHX, whereas cells treated with caspase-8 siRNA
exhibited high viability values of around 2.7 (figure 4.4.B). As a result, the death
indices of cells treated with NEMO siRNA scattered around 3.0, and death
indices of cells treated with caspase-8 siRNA around 0.3 (figure 4.4.C). The
distributions of the two positive controls did not overlap with each other or the
negative control, which indicated a very good dynamic range for my screen.
These findings indicate that the screen allows discrimination between pro-survival
and pro-death phenotypes.
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Figure 4.4. Behaviour of positive plate controls over all screened plates. A:
Kernel density estimate of the distribution of the normalized basal viability values
of all cells treated with caspase-8 (casp-8) or NEMO control siRNA. B: Kernel
density estimate of the distribution of all normalized basal viability values of cells
treated with caspase-8 (casp-8) or NEMO control siRNA and TNF and CHX. C:
Kernel density estimate of the distribution of the death indices of all cells treated
with caspase-8 (casp-8) or NEMO control siRNA.
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4.4. |dentification of high confidence modifiers of TNF-induced apoptosis

and general cell viability.

| then determined the genes that modified viability in the presence and
absence of TNF and CHX. The three non-overlapping siRNAs tested for each
gene produced variable viability phenotypes (figure 4.5.). In line with the
standard approach to exclude possible OTEs [490], | only considered a gene a
modifier if a minimum of two of three gene-specific SIRNAs had a significantly
altered viability value or death index in comparison to control non-silencing
siRNAs. To this end, | used the median of the three siRNA values to identify high
confidence hits. This method ensured that a minimum of two siRNAs fell within

the confidence interval of the median siRNA value.

| sorted and plotted the median siRNA viability values in the absence and
presence of TNF and CHX and the median death indices for each gene relative to
control non-silencing siRNAs (set to one) (figure 4.6.). Then | determined
confidence intervals for the three distributions. Due to an asymmetric distribution
of genes above and below the non-silencing control siRNAs, | determined
independent confidence intervals for the upper and lower part of the distributions,
respectively. | used the standard deviation of the median viability values/death
indices from the non-silencing siRNA control to calculate confidence intervals. |
considered genes within the 95% confidence intervals of all three distributions as

high confidence hits.

Next, | classified hits into pro-survival and pro-death proteins and into proteins
with a general or TNF-specific effect on cell viability (figure 4.7., 4.8., 4.9.). |
reasoned that a decreased viability or an increased death index in the screen
may result from the depletion of a pro-survival protein. Increased viability or a
decreased death index in the screen may indicate the depletion of a pro-death
protein. High confidence hits in the distribution of the median viability values in
the absence of TNF and CHX were classified as proteins with a general effect on
viability (figure 4.7.). | identified nineteen general pro-survival proteins. Four of
these proteins also significantly enhanced TNF-induced death. | classified the
latter proteins as general pro-survival proteins with TNF pathway-specific effect. |

also identified eight general pro-death proteins (figure 4.7.).
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Figure 4.5. Heat map representation of all viability values and death indices
in the screen. For each of the nine hundred eighty six screened genes, all three
siRNAs are presented with their respective base two log-transformed cell viability
in the absence (-) and presence of TNF and CHX (+) or with their base two log-
transformed death indices (+/-) in form of a heat map. All genes are sorted
according to the median death index in descending order for the top six hundred

eleven pro-survival genes (left panel) and ascending order for the bottom three
hundred seventy five pro-death genes (right panel).
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Figure 4.6. Distribution of the median viability values and death indices. A:
Distribution of the median siRNA viability values in the absence of TNF or CHX.
The median siRNA viability values were sorted in descending order. 99% and
95% confidence intervals are indicated for enhancers and suppressors of cell
death. The mean viability of control cells treated with siRNAs that target NEMO or
caspase-8 (casp-8) are indicated. B: Distribution of the median siRNA viability
values after treatment with TNF and CHX. C: Distribution of the median SiRNA
death indices.
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95% confidence general pro-survival proteins

a) not TNF-pathway specific TNF+CHX
acc number symbol gene name -+ 4
NM_005030 PLK1 polo-like kinase 1

NM_001248 ENTPD3 ectonucleoside triphosphate diphosphohydrolase 3
NM_030962 CMT4B2 myotubularin-related protein 13

NM_ 032124 HDHD2 haloacid dehalogenase-like hydrolase dom contain 2
NM 032483 HTPAP phosphatidate phosphatase PPAPDC1B
NM_004687 MTMR4 myotubularin-related protein 4

NM 001610 ACP2 lysosomal acid phosphatase 2

NM_001948 DUT dUTP pyrophosphatase

NM_ 138448 ACYP2 acylphosphatase 2

NM_014496 RPS6KA6 ribosomal protein S6 kinase alpha-6

NM_014214 IMPA2 inositolmonophosphatase 2

NM 080823 SRMS tyrosine-protein kinase Srms

NM_014225 PPP2R1A protein phosphatase 2A, 65kD reg su alpha

NM_ 001570 IRAK2 interleukin-1 receptor-associated kinase 2
NM_007181 MAP4K1 MEKKK1

b) TNF pathway-specific TNF+CHX
acc number symbol gene name -+ -
NM_032728 C9orf67 probable lipid phosphate phosphatase PPAPDC3

NM_007174 CIT citron rho-interacting kinase

NM_003681 PDXK pyridoxal kinase
NM_002860 ALDH18A1 aldehyde dehydrogenase 18 family, member A1

95% confidence general pro-death proteins
a) not TNF-pathway specific TNF+CHX
acc number symbol  gene name -+ /-
NM_016282 AK3LA1 adenylate kinase 3 alpha-like 1
NM_139068 MAPK9 JNK2

NM_018323 PI4K2B phosphatidylinositol 4-kinase, 2-beta
NM_002706 PPM1B protein phosphatase 1B

NM 177983 PPM1G protein phosphatase 1G
NM_177560 CSNK2A1 casein kinase 2, su alpha

b) TNF pathway-specific TNF+CHX
acc number symbol gene name -
NM_003648 DGKD diacylglycerol kinase delta

NM_020438 DOLPP1  dolichyl pyrophosphate phosphatase 1

+
+
T

32-10123
Ig rel viability

Figure 4.7. 95% confidence pro-survival and pro-death proteins in the
absence of TNF. NCBI RefSeq gene accession number, symbol and name are
shown for each gene. The heat map shows the base two log-transformed median
viability values in the absence and presence of TNF and CHX and the base two
log-transformed median death index for each gene. All genes are sorted
according to the median viability in descending order for the pro-survival proteins,
and ascending order for the pro-death proteins. Kinases are shown in black font
and phosphatases in grey font.
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95% confidence TNF pathway-specific pro-survival proteins  yr.cHx

acc number symbol gene name -+ -
NM_033497 HK1 hexokinase 1

XM_496170 NUDT7 peroxisomal coenzyme A diphosphatase NUDT7
NM_145342 TAB2 TAK1-interacting protein 2

NM 012382 OSRF tetratricopeptide repeat protein 33

NM_002860 ALDH18A1 aldehyde dehydrogenase 18 family, member A1
NM_206876 PPP1CB protein phosphatase 1 beta, catalytic su
NM_138793 ENTPDS8 ectonucleoside triphosphate diphosphohydrolase 8

NM_ 003648 DGKD diacylglycerol kinase delta
NM_052931 SLAMF6 SLAM family member 6
NM_014572 LATS2 large tumor suppressor homolog 2
NM_020438 DOLPP1 dolichyldiphosphatase 1
NM_004439 EPHAS ephrin receptor A5

NM_ 144648 FLJ32786 LRR and GK domain-containing protein
NM_006035 CDC42BPB CDC42 binding protein kinase beta
NM_001776 ENTPD1 ectonucleoside triphosphate diphosphohydrolase 1

NM_022737 LPPR2 lipid phosphate phosphatase-related protein type 2
NM_004760 STK17A serine/threonine kinase 17a

NM_181843 NUDTS8 nudix-type motif 8

NM_001106 ACVR2B activin A receptor, type 2B

NM_ 003837 FBP2 fructose-1,6-bisphosphatase 2

NM_003639 IKBKG IkB kinase gamma

NM_002480 PPP1R12A protein phosphatase 1, regulatory su 12A
NM_005546 ITK IL2-inducible T-cell kinase

NM_003681 PDXK pyridoxal kinase

NM_145262 GLYCTK glycerate kinase

NM_001247 ENTPD6 ectonucleoside triphosphate diphosphohydrolase 6
NM 033312 CDC14A CDC14 cell division cycle 14 homolog A

NM 206873 PPP1CA protein phosphatase 1 alpha, catalytic su
NM_000294 PHKG2 phosphorylase kinase gamma 2

NM_002031 FRK fyn-related kinase

XM_497574 LOC342853 -

NM_003713 PPAP2B phosphatidic acid phosphatase type 2B

NM_025228 T3JAM TRAF3 interacting JNK-activating factor
NM_182661 CERK ceramide kinase

NM_033331 CDC14B CDC14 cell division cycle 14 homolog B
NM_020680 SCYL1 SCY1-like 1

NM_006301 MAP3K12 MEKK2

NM_014840 ARKS5 NUAK family SNF1-like kinase 1

NM_ 006293 TYRO3 TYRO3 protein tyrosine kinase

NM_004712 HGS hepatocyte growth factor-regulated TK substrate

NM_006252 PRKAAZ2 5'-AMP-activated prot kinase alpha 2, catalytic su
NM_ 002651 PIK4CB phosphatidylinositol 4-kinase, catalytic, beta
NM_005134 PPP4R1 protein phosphatase 4, regulatory su 1
NM_007174 CIT citron rho-interacting kinase

NM_014226 RAGE renal tumor antigen

XM_372654 LOC390760 -

NM_032728 C9orf67 probable lipid phosphate phosphatase PPAPDC3
NM_006721 ADK adenosine kinase

-
-3-2-1012 3
Ig rel viability

Figure 4.8. 95% confidence pro-survival proteins in TNF-induced death.
NCBI RefSeq gene accession number, symbol and name are shown for each
gene. The heat map shows the base two log-transformed median viability value in
the absence and presence of TNF and CHX and the base two log-transformed
median death index for each gene. All genes are sorted according to the median
death index in descending order. Kinase-encoding genes are shown in black font
and phosphatase-encoding genes in grey font. Key TNF signaling molecules are
highlighted in bold.

125



95% confidence TNF pathway-specific pro-death proteins  yricHx

acc number symbol gene name -+ /-
NM_001099 ACPP prostatic acid phosphatase
NM_000222 KIT mast/stem cell growth factor receptor Kit

NM_ 080548 PTPNG6 tyrosine phosphatase non-receptor type 6

NM 033126 PSKH2 protein serine kinase H2

XM_497463 LOC401823 -

NM_007271 STK38 serine/threonine kinase 38

NM_054113 CIB3 calcium and integrin binding family member 3

NM_139049 MAPKS JNK1

NM_015458 MTMR9 myotubularin related protein 9

NM_001017915 INPP5D SHIP1, inositol polyphosphate-5-phosphatase

NM_006243 PPP2R5A protein phosphatase 2, 56 kD reg su, alpha

NM_ 178588 PPP2R5C protein phosphatase 2, 56 kD reg su, gamma

NM_032242 PLXNA1  plexin A1

NM_005592 MUSK muscle, skeletal receptor tyrosine kinase

NM_018343 RIOK2 RIO kinase 2

NM_006904 PRKDC DNA-dependent protein kinase, catalytic su

NM_025179 PLXNA2 plexin A2

NM_003384 VRK1 vaccinia related kinase 1
 Ilms

-3-2-1012 3

Ig rel viability

Figure 4.9. 95% confidence pro-death proteins in TNF-induced death. NCBI
RefSeq gene accession number, symbol and name are shown for each gene.
The heat map shows the base two log-transformed median viability value in the
absence and presence of TNF and CHX and the base two log-transformed
median death index for each gene. All genes are sorted according to the median
death index in ascending order. Kinase-encoding genes are shown in black font
and phosphatase-encoding genes in grey font. Key TNF signaling molecules are
highlighted in bold.
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Depletion of diacylglycerol kinase delta (DGKD) and dolichyl pyrophosphate
phosphatase (DOLPP1) surprisingly also significantly enhanced TNF-induced
death (figure 4.7.). It is possible that these counter-intuitive observations are the
result of off-target effects (OTESs) for the specific SIRNAs. | categorized the two
proteins as general pro-death proteins with TNF-specific effect, with the caveat
that both gene products require detailed molecular characterization to define their

true biological functions.

| defined siRNA targets that had measurable impacts on cell viability only in
the presence of TNF and CHX as proteins with a regulatory effect on TNF-
induced death. | identified fourty eight potential TNF-specific high confidence pro-
survival proteins (figure 4.8.), and eighteen potential TNF-specific high

confidence pro-death proteins (figure 4.9.).

4.5. Evaluation of screen results for established TNF pathway components.

The screen placed NEMO and caspase-8 into the 95% confidence intervals for
pro-survival and pro-death proteins, respectively. Furthermore, | identified the
established pro-survival NF-kB activating proteins TAB2 [93] and NEMO [88, 90,
91, 482], and MEKK2 [103] (figure 4.8. and figure 4.10.) and the pro-death
protein JNK1 [494] (figure 4.9.) in the anticipated groups with high confidence.

| then analyzed the primary screen data to determine the phenotypes identified
for additional established TNF pathway components. | found that elements of the
NF-kB arm clustered as pro-survival proteins, while members of the JNK,
caspase, and RIPK arms clustered as pro-death proteins (figure 4.11.). | note
that these phenotypes are in line with the established roles of the NF-«kB [50, 462,
480], JNK [142, 494, 495], and caspase [48] modules in the regulation of TNF-

responsive cell death.

Proteins with partial redundancies, such as TAK1 [463], appeared in lower
confidence intervals than non-redundant proteins like TAB2 and NEMO [463]. In
general, these findings demonstrate that the screen successfully categorized a

cohort of known modifiers of TNF-responsive apoptosis.
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Figure 4.10. Confirmation of NEMO as a modifier of TNF-induced death in
the screen. All death indices are reported relative to the screen-wide mean death
index + S.E.M. of cells treated with a non-silencing siRNA control (ctrl.) in column
one. Column two shows the mean death index + S.E.M. for all NEMO control
siRNAs from the entire screen. Column three shows the mean death index +
S.E.M. of the NEMO controls from the kinase plate that contained the identical
NEMO siRNA as an experimental siRNA. The mean death index + S.E.M. of the
NEMO experimental siRNAs is shown in column four.
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Figure 4.11. Heat map of the death indices of known TNF pathway
components in the screen. Graphic representation of the TNF pathway
interaction network. The color of the circle indicates the confidence interval of the
median death index of the respective protein. White circles indicate proteins that
were not tested in the screen.
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4.6. HK1 is a negative regulator of TNF-induced death.

Of the approximately one thousand genes examined, hexokinase 1 (HK1) had
the strongest TNF-specific pro-survival phenotype (figure 4.12.A). All three
siRNAs tested in the primary screen produced phenotypes comparable to or
greater than the pro-survival protein NEMO (figure 4.12.B) and suggest that HK1
has essential pro-survival functions in the TNF pathway. Two of the three SIRNAs
generated death indices that were greater than three-fold higher than the death
indices of control cells and fell into the 99% confidence interval for pro-survival
proteins. The death index of the third siRNA fell into the 90% confidence interval.
Importantly, loss of HK1 did not have non-specific adverse effects on cell viability,
which indicates that loss of HK1 enhances the induction of cell death by TNF
(figure 4.12.C).

The pro-survival function appears specific to the HK1 isozyme as the siRNAs
that target HK2, HK3 or HK4 had negligible impacts on TNF-induced death
(figure 4.12.B). Only one of 3 siRNAs that target HK2 yielded a death index in
the 95% confidence interval for pro-survival proteins. Given the extensive
sequence identity between HK1 and HK2, | cannot exclude the possibility that the
HK2 siRNA has unintended effects on the expression of HK1. As with all SIRNA
screens a conclusive statement about the impact of HK2, HK3, and HK4 on TNF
signaling requires evaluation in secondary assays. | elected to focuss on the
characterization of HK1 in TNF signaling as it generated a reproducible,

prominent TNF-dependent phenotype.
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Figure 4.12. The siRNA screen revealed HK1 as a negative regulator of TNF-
induced death. A: Distribution of the median siRNA death indices of all screened
genes in descending order. 99% and 95% confidence intervals are indicated for
enhancers and suppressors of cell death. The death index of cells treated with
HK1 siRNA, NEMO control siRNA or caspase-8 (casp-8) control siRNA is
indicated. B: Death indices of all 4 HK isoforms in the screen. The mean death
index + S.E.M. is shown for each siRNA. All death indices are normalized to the
death index of cells treated with a non-silencing control siRNA (ctrl.), which was
assigned a value of one (black line). The death indices of control cells treated
with caspase-8 (casp-8) siRNA, NEMO siRNA or no siRNA (none) are shown as
the mean value + S.E.M. from all screen plates. The red line indicates the 99%
confidence interval. C: Normalized cell viability for each HK isoform and the three
specific siRNAs in the absence (untreated) and presence of TNF and CHX. The
viability of cells treated with non-silencing control siRNA (ctrl.) under both
conditions was assigned a value of one, and all other values are reported relative
to that value.
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CHAPTER 5. CHARACTERIZATION OF HK1 AS AN ANTI-
APOPTOTIC PROTEIN.

A version of this chapter has been published:

Schindler A, Foley E: A functional RNAI screen identifies hexokinase 1 as a
modifier of type Il apoptosis. Cell Signal 2010. 22(9):1330-40.
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5.1. Background.

In the siRNA screen for modulators of TNF-induced death, | identified HK1 as
a pro-survival protein. HK1 [286] is one of four HK isozymes [293]. The isozymes
are encoded by four different genes that result from gene duplication and fusion
events [299, 300]. Of all four HK isozymes, | only identified HK1 as a high

confidence regulator of TNF-induced death.

HKs are well known for their metabolic role in the phosphorylation of glucose
[293]. Of the four isozymes, HK1 is most ubiquitously expressed and has the
most clearly defined function [293]. HK1 predominantly channels glucose into the
catabolic pathway of glycolysis, followed by the tricarboxylic acid cycle and
oxidative phosphorylation to generate the energy equivalent ATP [293]. Together
with HK2, HK1 assumes a dynamic and regulated interaction with the outer
mitochondrial membrane [307]. Mitochondrial HK1 couples the rate of glycolysis
with the rate of oxidative phosphorylation by using mitochondrial ATP to generate
glucose 6-phosphate [293]. Interestingly, recent reports also ascribe anti-
apoptotic roles to mitochondrial HKs. For example, mitochondrial HKs are
believed to mediate anti-apoptotic effects of growth factors [340-342, 357, 368-
370]. Data suggest that growth factors promote the interaction of HKs with
mitochondria [360, 386, 388] and ultimately block apoptosis upstream of
cytochrome c release [367]. The specific anti-apoptotic role of HK1 in that
process has only been demonstrated in overexpression studies and with intrinsic
apoptotic stimuli. Specifically, previous studies demonstrated that overexpression
of HK1 countered cell-death induced by growth factor withdrawal alone [368] or

growth factor withdrawal in combination with UV light [357], or oxidants [369].

In light of the reports of the anti-apoptotic role of mitochondrial HKs in growth
factor signaling, | hypothesized that there are parallels between the anti-apoptotic
role of HK1 in growth factor signaling and the pro-survival role for HK1 in the
control of TNF-induced death. Consistent with this hypothesis, a previous study
found that, Akt double knock-out (DKO) mouse embryonic fibroblasts (MEFS) are
more sensitive to TNF-induced apoptosis [496]. Moreover, TNF-induced
apoptosis requires mitochondrial amplification in type Il HelLa cells [162-164].

Thus, | hypothesized:
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(1) HK1 is a negative regulator of extrinsic death receptor-induced
apoptosis.

(2) HK1 acts at the mitochondria to block TNF-dependent cell death.

5.2. Confirmation of HK1 as a negative regulator of TNF-induced death.

To validate HK1 as a pro-survival gene product, | retested the three HK1
siRNAs from the screen in addition to four independent HK1-specific SiRNAs from
a separate vendor for their respective impact on TNF-induced cell death. Six of
the seven non-overlapping siRNAs led to clearly increased death indices (figure
5.1.A, B). In several cases, the death indices were comparable to or higher than
those observed for NEMO siRNA. The enhanced cell death upon HK1 depletion
is not an indirect consequence of exposure to CHX, as a combined regime of
HK1 siRNA and CHX had minimal effects on cell viability (figure 5.1.C). These
data confirm that HK1 is a negative regulator of TNF-induced cell death.
However, almost all siRNAs, including the ones used in the screen, also mildly
reduced cell viability in the absence of TNF and CHX (figure 5.1.A).

To confirm that the HK1 siRNAs effectively targeted HK1, | treated HelLa cells
with the three HK1 siRNAs from the screen and monitored the relative expression
of HK1 by Western blot analysis and quantitative real-time PCR. All siRNAs
caused a pronounced reduction in HK1 protein levels (figure 5.2.A) and
transcript levels (figure 5.2.B) after a three day incubation period. As HK1 and
HK2 are paralogous genes with considerable overlaps in terms of sequence
(73.4% sequence identity) and function [299], | tested whether the phenotype
ascribed to HK1 may result from a parallel, off-target depletion of HK2. To this
end, | measured the levels of HK2 transcripts in cells treated with the three HK1
siRNAs from the screen. Of the three siRNAs examined, only siRNA#3 also
interfered with the expression of HK2 (figure 5.2.C). | consider the parallel
knockdown of HK2 likely an OTE, as siRNA#3 shares a significant sequence
similarity with HK2 (84% identity) (figure 5.2.E). As a consequence, | used
SiRNA#L or #2 in subsequent assays. Interestingly, depletion of HK1 by
siRNAs#1 and #2 was accompanied by increased HK2 mRNA levels (figure
5.2.C) and protein levels (figure 5.2.D), which may indicate mutual regulation of

gene expression and redundant functions of HK1 and HK2.
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Figure 5.1. HK1 regulates TNF-induced death. A: Death indices of HelLa cells
depleted of HK1 and treated with TNF and CHX. siRNAs #1 to #3 were used in
the screen, #4 to #7 are independent siRNAs from a different vendor. Death
indices were determined in a resazurin viability assay and are reported relative to
the death index of cells treated with a non-silencing control siRNA (ctrl.). Control
cells were treated with a caspase-8 (casp-8) siRNA, NEMO siRNA, or no siRNA
(none). Data are representative of three independent experiments. B: Viability
values of HeLa cells from panel A in the absence and presence of TNF and CHX.
C:. Death indices of HelLa cells depleted of HK1, NEMO, or caspase-8 (casp-8)
and treated with TNF, CHX, the CHX solvent DMSO, or TNF and CHX. All death
indices are reported as the mean + S.E.M. of two independent experiments and
relative to the death index of cells treated with a non-silencing siRNA (ctrl.) and
TNF and CHX. The death index of cells treated with a non-silencing siRNA and
TNF and CHX was assigned a value of one.
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Figure 5.2. Confirmation of siRNA-mediated HK1 depletion. A: Western blot
of HK1 expression in HelLa cells transfected with non-overlapping HK1 siRNAs #1
to #3, a non-silencing control siRNA (ctrl.), or no siRNA (none). For each day
after the transfection, cell lysates were probed with an antibody against HK1, and
actin as a loading control. B,C: Relative HK1 (E) or HK2 (F) expression levels in
cells treated with HK1 siRNAs #1 to #3 as determined by quantitative real-time
PCR. All values were normalized to the HK expression level in cells treated with a
non-silencing control siRNA (ctrl.). D: Western blot of the expression of HK1 and
HK2 after treatment of HelLa cells with HK1#2 siRNA for three days. Control cells
were incubated with a non-silencing siRNA (ctrl.). Cellular lysates were probed
with an antibody against HK1, HK2, and tubulin (Tub) as a loading control. E:
Sequence alignment between HK1 siRNA#3 passenger strand, HK1 target
sequence and HK2 off-target sequence. ldentical nucleotides are highlighted in
grey, and the complement of the seed region of the siRNA is labeled with a black
line.
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5.3. Effects of HK1 depletion on the TNF signaling modules.
5.3.1. HK1 depletion does not attenuate TNF-induced NF-kB signaling.

To characterize the pro-survival role of HK1 in TNF-induced death, | first
sought to identify the point, at which HK1 interacts with the TNF pathway. Given
its pro-survival role in TNF-induced death, | reasoned that HK1 may be a positive
regulator of NF-kB pro-survival signaling or a negative regulator of JNK or
caspase pro-apoptotic signaling. Reports on the anti-apoptotic role of
mitochondrial HKs in growth factor signaling [341, 357, 368, 370] suggest an
interaction of HK1 with TNF-induced cell death at the level of the mitochondria.
However, to assure that | would not miss other potential interactions, | also tested

for regulatory effects of HK1 on other TNF signaling modules.

To test if HK1 regulates the NF-kB arm of the TNF pathway, | transfected
HelLa cells with siRNAs, which deplete HK1 or the key NF-kB signaling molecules
NEMO and TAB2, and monitored several classic features of TNF-induced NF-kB
activation. TNF typically results in a rapid transient phosphorylation of I-kB-a by
the IKK complex [463, 465-468, 476], and loss of the IKK component NEMO [90,
91, 463] reduced the extent of I-kB-a phosphorylation on a Western blot (figure
5.3.A). In contrast, depletion of HK1 did not affect the kinetics or reduce the
extent of I-kB-a phosphorylation. | also monitored the effect of HK1 loss on the
expression of the NF-kB responsive transcripts A20 and IKBA in quantitative real-
time PCR. Whereas depletion of NEMO diminished the expression of A20 and
IKBA, loss of HK1 did not alter A20 or IKBA expression levels (figure 5.3.B, C).
Finally, loss of the TNF receptor or its adaptor TAB2 [93] resulted in decreased
NF-kB reporter activity, whereas NF-kB reporter activity was indistinguishable in
control cells and cells treated with HK1 siRNA (figure 5.3.D). In combination,
these data indicate that HK1 loss does not negatively affect the NF-kB
transcriptional pathway and suggest that HK1 is not a positive regulator of TNF-
induced NF-kB signaling.
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Figure 5.3. HK1 depletion does not attenuate NF-kB signaling. A: Western
blot of the time course of I-kB-a phosphorylation after TNF stimulation. HelLa cells
were treated with HK1 siRNA, NEMO siRNA, or a non-silencing control siRNA
(ctrl.) and stimulated with TNF for the indicated time periods. The Western blot to
the right shows the respective HK1 levels for the three siRNA treatments in
unstimulated cells. Actin served as a loading control. B,C: Time course of the
relative expression of A20 (B) or IKBA (C) after TNF stimulation. HelLa cells were
treated with HK1 siRNA, NEMO siRNA, a non-silencing control siRNA (ctrl.), or
no siRNA (none) and stimulated with TNF for the indicated time periods. All
values are reported relative to A20 or IKBA expression in unstimulated cells
treated with a non-silencing control siRNA. RNA from two independent
experiments was pooled for quantitative real time PCR. D: Quantification of the
TNF-induced NF-kB activity in an NF-kB reporter assay. HEK293T cells were
treated with HK1 siRNA, TNF-R1 siRNA, TAB2 siRNA, or a non-silencing control
SiRNA (ctrl.) prior to stimulation with TNF. NF-kB activity is presented as the
luminescence derived from the expression of an NF-kB dependent luciferase
reporter relative to a control luciferase reporter. NF-kB activities are shown as the
mean luminescence + S.E.M. of three replicate measurements. All values are
reported relative to the NF-kB activity of cells treated with a non-silencing siRNA,
which was assigned a value of one.
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5.3.2. HK1 depletion accelerates TNF-induced apoptosis.

While secondary analyses indicated that HK1 does not interact with the NF-kB
module of the TNF pathway, | noticed that depletion of caspase-8 completely
reverted the TNF-induced cell death seen upon loss of HK1 (figure 5.4.). These
data indicate that loss of HK1 does not bypass caspase-mediated signals to
reduce cell viability in the presence of TNF and CHX and that HK1 modifies the

caspase signaling cascade to attenuate TNF-induced death.

To explore the link between HK1 and the apoptotic caspase cascade, |
characterized the consequences of HK1 loss for progression through TNF-
induced apoptosis. | initially examined the effect of HK1 depletion on a very distal
event in apoptotic signaling: cleavage of the caspase substrate Poly [ADP-ribose]
polymerase (PARP) [497-499]. PARPL1 localizes to the nucleus and serves in
DNA damage repair [500]. During apoptosis, activated effector caspases cleave
113 kD PARP1 into the 24 kD amino-terminal DNA-binding domain and the 89 kD
carboxyl-terminal catalytic domain [497-499]. | detected the progressive
accumulation of the carboxyl-terminal PARP1 cleavage product in lysates of
HelLa cells treated with a non-silencing siRNA 5 to 9 hours after treatment with
TNF and CHX (figure 5.5.A). Simultaneously, the levels of full-length PARP
progressively decreased after treatment with TNF and CHX. As expected,
interruption of TNF-induced caspase signaling by depletion of the initiator
caspase caspase-8 prevented cleavage of PARP1. Depletion of NEMO
attenuated TNF-induced NF-kB signaling and enhanced TNF-induced caspase
signaling (figure 3.4.). In line with those findings, NEMO depletion also greatly
enhanced and accelerated PARP1 cleavage (figure 5.5.A). Five hours after the
apoptotic stimulus, full-length PARP1 was no longer detectable, while the large
cleavage fragment accumulated. Cells with a loss of HK1 essentially mirrored the
NEMO phenotype. Depletion of HK1 with each of three independent siRNAs
resulted in accelerated TNF-induced PARP cleavage. However, in contrast to
NEMO depletion, loss of HK1 through two of the three siRNAs led to a minor level
of PARPL1 cleavage even in the absence of TNF and CHX, similarly to the slightly

decreased viability in resazurin assays.
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Figure 5.4. HK1 modifies TNF-signaling through the apoptotic cascade. A:
Western blot of the expression of HK1 and caspase-8 in HelLa cells treated with
combinations of a non-silencing control siRNA (ctrl.), HK1 siRNA, and caspase-8
SiRNA (casp-8). Control cells were not treated with siRNA. The total siRNA
concentration for all other cell populations was 20 nM. siRNAs were combined in
the indicated concentrations. Cell lysates were probed with HK1, caspase-8
(casp-8), and actin antibody. Actin served as a loading control. B: Death indices
of the cell populations in panel A treated with the combination of siRNA1 and
siRNA2, and TNF and CHX in a resazurin viability assay. All death indices are
presented as the mean of two technical replicates + S.E.M. and relative to the
death index of cells treated with 20 nM control siRNA, which was assigned a
value of one. C: Viability values of the cell populations in A in the absence and
presence of TNF and CHX.
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These data demonstrate that HK1 is a negative regulator of TNF-induced
caspase signaling, with a phenotype comparable to established key anti-apoptotic

regulators of TNF signaling.

Caspase processing occurs concomitantly with initiator caspase activation and
is the pre-condition for effector caspase activation [25, 27]. TNF-induced
apoptotic signals activate the initiator caspase caspase-8 at the TNF receptor
complex Il [47]. The dimerization of caspase-8 monomers at complex Il induces
the conformational changes for caspase activation [30, 31]. Dimerization is
accompanied by proximity-induced auto-processing that disconnects the pro-
domain and large and small catalytic subunits, but maintains and stabilizes the

active dimer structure [30, 31].

In type Il HeLa cells, active caspase-8 activates effector caspases through the
mitochondrial apoptotic pathway [162-164]. Loss of mitochondrial integrity leads
to the activation of caspase-9 in the apoptosome [180]. The processing
mechanisms are similar for caspase-8 and caspase-9 [192]. Finally, caspase-9
activates effector caspases like caspase-3 [189, 194]. Inactive caspase-3 exists
as a homodimer. Caspase-9 mediated processes the linker between the large
and small subunit of caspase-3 to initiate the conformational changes required for

caspase-3 activation [25, 27].

To examine the effects of HK1 depletion on TNF-induced caspase signaling, |
transfected HelLa cells with HK1 siRNA or a non-silencing control siRNA. On day
three after transfection, | treated cells with TNF and CHX to induce apoptosis and
monitored processing of caspase-8, caspase-9 and caspase-3 via Western blot
analysis of the cell lysates (figure 5.5.B). | detected processing of all three
caspases in control cells three hours after the treatment with TNF and CHX.
Processing of 55 kD caspase-8 resulted in the progressive accumulation of a
roughly 43 kD fragment of the caspase-8 pro-domain and the large subunit p18,
as well as the p18 cleavage product. Cleavage of 47 kD caspase-9 resulted in the
accumulation of p37 and p35 cleavage products. Cleavage of caspase-3 resulted
in accumulation of pl9 and pl7 large subunits. As the cleavage products

accumulated, levels of full-length caspase-8 and 9 diminished.
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Figure 5.5. HK1 depletion accelerates TNF-induced caspase and caspase
substrate processing. A: Western blot of the time course of the cleavage of full-
length PARP1 (PARP1 FL) into the large 89 kD fragment of PARP1 (PARP1 cl)
after incubation with TNF and CHX. HelLa cells were pretreated with three
different HK1 siRNAs, caspase-8 siRNA, NEMO siRNA, a non-silencing control
SiRNA (ctrl.), or no siRNA (none). Cell lysates were probed with an antibody
against PARP1, and actin as a loading control. B: Western blots of the time
course of caspase cleavage after treatment with TNF and CHX. HelLa cells were
treated with HK1 siRNA or a non-silencing control siRNA (ctrl.). Cell lysates were
probed with an antibody that detects full-length caspase-8 (casp-8 FL) and
p43/41 and p18 cleavage products, an antibody that detects full-length caspase-9
(casp-9 FL) and the p37 and p35 cleavage products, an antibody against the
cleavage products p19 and pl7 of caspase-3 (casp-3), an antibody against HK1,
and actin as a loading control.
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Full-length caspase-8 was hardly visible nine hours after TNF and CHX
treatment, whereas full-length caspase-9 was still detectable. These processing
patterns are consistent with the earlier involvement of caspase-8 in TNF-

responsive apoptosis [47].

Loss of HK1 accelerated the processing of all three caspases. Full-length
caspase-8 and 9 were almost completely processed three hours after incubation
with TNF and CHX. In parallel, HK1 depletion enhanced the accumulation of the
large active subunit of all caspases. Over the next six hours full-length caspase-8
and 9 and even the large subunits progressively diminished. In conclusion,
depletion of HK1 accelerated processing of key caspases in the TNF-induced
caspase signaling cascade. These findings are in line with accelerated
processing of the effector caspase substrate PARP after HK1 depletion and

suggest that loss of HK1 accelerated TNF-induced apoptosis.

I noticed a low level of caspase-9 and caspase-3 cleavage upon HK1
depletion prior to the addition of TNF and CHX. These observations are in line
with the low level of PARP cleavage and mildly reduced viability observed after
HK1 depletion. It is intriguing to speculate that these phenotypes may reflect a

requirement for HK1 in the mitochondrial regulation of apoptosis.

In type Il cells, loss of mitochondrial integrity is a pre-condition for the
activation of caspase-9 and effector caspases. Disruptions to mitochondrial
integrity are also critical elements of a feedback loop that potentiate caspase-8
contributions to apoptosis [162, 194]. Loss of OMM integrity occurs through the
formation of Bak and Bax channels [170] and decreases the IMM potential.
Specifically, loss of cytochrome c, influx of apoptotic effector caspases and the
possible formation of MPTPs impede the activity of the electron transport chain
and dissipate the IMM potential [170]. Therefore, | examined the effect of HK1
depletion on the TNF-induced decrease of the IMM potential. The cationic dye
TMRE provides a convenient measure of the IMM potential in a flow-cytometric
assay [481]. The IMM potential causes the accumulation of TMRE in the
negatively charged mitochondrial matrix [481]. As TMRE fails to accumulate in
the mitochondria of dead or dying cells, TMRE provides a reliable proxy

measurement of mitochondrial function.
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| used three independent HK1 siRNAs to test the effect of HK1 depletion on
the TNF-induced decrease of the IMM potential. On day three after transfection, |
treated with TNF and CHX to induce apoptosis and measured the IMM potential
in a TMRE assay. As expected, cells treated with a non-silencing control siRNA,
exhibited a steady growth of the population with decreased IMM potential over
the course of eight hours treatment with TNF and CHX (figure 5.6.A). Depletion
of caspase-8 completely abrogated the loss of the IMM potential. In contrast,
depletion of NEMO resulted in a small population with a decreased IMM potential
prior to addition of TNF and CHX. In addition, loss of NEMO resulted in a four-fold
higher rate of apoptosis in TNF and CHX treated cells compared to a population
of control cells treated with a non-silencing siRNA, TNF and CHX. Interestingly,
loss of HK1 resulted in a dissipation of the IMM potential at rates that paralleled
cells treated with NEMO siRNA. Similar to cells treated with NEMO siRNA, each
HK1 siRNA increased the amount of cells with a decreased IMM potential prior to
incubation with TNF and CHX.

As depletion of HK1 enhances the loss of the IMM potential by TNF and CHX,
| asked if overexpression of HK1 impedes the ability of a TNF and CHX regime to
disrupt mitochondrial function. For these experiments, | transfected HelLa cells
with an expression construct for carboxyl-terminally GFP-tagged HK1 or GFP as
a control. | then stimulated the transfected cells with TNF and CHX to induce
apoptosis. Subsequently, | measured the size of the GFP-transfected population
that displayed a reduced IMM potential in a TMRE assay. As expected, the
percentage of GFP-transfected control cells with decreased IMM potential
increased in response to TNF and CHX (figure 5.6.B). At all time points, the
fraction of cells with a decreased IMM potential surpassed the one of cells treated
with a control siRNA and TNF and CHX (figure 5.6.A), which might result from
the higher toxicity of the transfection reagent in use. Interestingly, overexpression
of HK1 reduced the population with decreased IMM potential to almost two thirds

of the control population.
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Figure 5.6. HK1 attenuates the TNF-induced decrease of the IMM potential.
A: Time course of the percentage of HelLa cells with decreased inner
mitochondrial membrane potential (AW),) after treatment with TNF and CHX. All
values are presented as the percentage of cells with reduced TMRE fluorescence
in a cell population that was treated with one of three HK1 siRNAs, caspase-8
siRNA, NEMO SsiRNA, or a non-silencing control siRNA (ctrl.). Data are
representative of three independent experiments. B: ClustalW2 multiple
sequence alignment of a fragment of the amino acid sequences of rat HK1,
human HK1 and human HK2 from amino acids five hundred ninety to amino acids
six hundred twenty. Identical amino acids are indicated by an asterisk (*), amino
acid conservations between a group with strongly similar properties are indicated
by a colon (:), amino acid conservations between a group with weakly similar
properties are indicated by a colon (.). Serine six hundred three is indicated with
an arrow head. C: Time course of the percentage of HelLa cells with a decrease
of the inner mitochondrial membrane potential (AY),) after treatment with TNF
and CHX. All values are presented as the percentage of TMRE negative and
GFP-positive cells in a cell population that was transiently transfected with HK1-
GFP, HK1S603A-GFP, or a control GFP expression construct. Data are
representative of six independent experiments.
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I conclude that overexpression of HK1 stabilizes the IMM potential during TNF-
induced apoptosis, whereas the depletion of HK1 accelerates the decrease of the
IMM potential.

Ectopic expression of HK1 also mimics the anti-apoptotic effect of growth
factors [357, 368, 369]. However, growth factors require glucose and HK activity
to counter apoptotic insults [357, 368-370]. Serine six hundred three is essential
for the catalytic activity of HK1 [298, 501] (figure 5.6.B). To test whether HK1
catalytic activity is required to modify TNF-induced apoptosis, | replaced serine
six hundred three with an alanine to create catalytically inactive HK1. | expressed
carboxyl-terminally GFP-tagged HK1S603A in HelLa cells and visualized the loss
of the IMM potential by a combined TNF and CHX regime in GFP positive cells.
HK1S603A blocked the dissipation of the IMM potential by TNF and CHX as
efficiently as wild-type HK1 (figure 5.6.C). These data suggest that the catalytic
activity of HK1 is not required to inhibit mitochondrial disruption by TNF.

These observations led me to examine the consequences of HK1 loss for
complex Il formation, which is the most upstream event in TNF-induced apoptosis
signaling [47]. Complex Il forms as a consequence of TNF-R1 internalization and
is accompanied by the recruitment of caspase-8 and the adapter molecule FADD
[47, 149]. Dimerization of caspase-8 monomers in complex |l leads to rapid
caspase-8 activation and proximity-induced auto-processing between the pro-
domain and the large subunit p18, as well as p18 and the small subunit p11 [30,
31]. Processing stabilizes the dimer structure of caspase-8 in complex Il [30, 31].

To examine the kinetics of TNF-induced complex Il formation in control cells
and HeLa cells depleted of HK1, | immunoprecipitated FADD and monitored the
presence of caspase-8 on a Western blot. In line with previous precipitation
studies [149], | detected the p43/41 fragment of caspase-8 pro-domain and large
subunit p18 in FADD precipitates (figure 5.7.A, B), which indicates that caspase-
8 was rapidly processed following recruitment into complex Il. Loss of HK1
accelerated the appearance of p43/41 in FADD precipitates (figure 5.7.B), just as

it accelerated the kinetics of cellular caspase-8 cleavage (figure 5.7.A, 5.7.B).
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Figure 5.7. HK1 depletion accelerates the formation of complex Il. A:
Western blot of the time course of full-length caspase-8 (casp-8 FL) cleavage into
p43/p4l and pl8 variants after treatment with TNF and CHX for the indicated
time periods. Cells were treated with HK1 siRNA or a non-silencing control siRNA
(ctrl.) and probed with antibodies against caspase-8, HK1, FADD, and actin as a
loading control. B: Western blot of the time course of complex Il formation in
HelLa cells from panel A. Cell lysates were precipitated for complex Il with an anti-
FADD antibody (IP:FADD). Each sample was probed with an anti-FADD and anti-
caspase-8 (p43/41) antibody on a Western blot. Antibody heavy chains are
labeled with *. C: Western blot of the immunoprecipitation of complex 1. Complex
Il was precipitated with an anti-FADD antibody from lysates of untreated HelLa
cells (-), or cells treated with TNF and CHX for five hours (+). Cell lysates (input)
and precipitates (IP:FADD) were probed with antibodies against FADD, caspase-
8 (casp-8), HK1, and actin as a loading control. Caspase-8 is shown as the full-
length caspase-8 (casp-8 FL) and p43/41 cleavage product. Antibody heavy
chains are labeled with *.
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These findings underline that depletion of HK1 generates favourable

conditions for the formation of the mature, active complex Il.

The majority of caspase-8 activation and processing in type Il cells requires
inputs from the mitochondria following repression of XIAP and activation of
caspase-3 and caspase-6 [162-164]. The results detailed above do not reveal if

HK1 impacts caspase-8 cleavage upstream or downstream of the mitochondria.

To explore the possibility that HK1 interferes with TNF-induced caspase
signaling upstream of the mitochondria, | looked for the incorporation of HK1 into
complex Il. FADD immunoprecipitates were repeatedly HK1-negative after
incubation with TNF and CHX (figure 5.7.C). Thus, although | cannot exclude
indirect interactions between HK1 and complex Il, HK1 does not appear to be a

constitutive element of complex Il.

In summary, depletion of HK1 accelerated the kinetics of several features of
TNF-induced apoptosis: complex Il formation and caspase-8 cleavage, decrease
of the IMM potential, caspase-9 and caspase-3 cleavage, and processing of the
caspase substrate PARP1. HK1 overexpression decreased the rate of TNF-
dependent cell death. These data argue that HK1 inhibits TNF-induced entry into
and progression through the apoptotic program. The presence of apoptotic
markers and the mildly reduced cell viability in the absence of TNF and CHX
suggest that HK1 depletion unlocks apoptotic signals in the absence of TNF and
CHX, and enables accelerated progression of apoptosis in the presence of TNF
and CHX.
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The pro-apoptotic phenotype of HK1 depletion is not restricted to HelLa cells,
as | detected similar phenotypes in the type Il U20S osteosarcoma cell line [502]
and the type Il A549 lung carcinoma cell line [503] (figure 5.8. A, B, C). | used 3
independent siRNAs to deplete HK1 from U20S cells and measured the levels of
TNF-induced death in comparison to cells treated with non-silencing, caspase-8
or NEMO siRNA. Similar to my observations in HelLa cells (figure 5.1.C),
depletion of caspase-8 strongly attenuated TNF-dependent death, whereas
depletion of NEMO slightly accelerated TNF-induced death in U20S cells (figure
5.8.A). All 3 siRNAs enhanced the induction of apoptosis by TNF and CHX. A
combined treatment of CHX with any of the siRNAs did not result in an apoptotic
phenotype, which indicates that the observed death in the presence of TNF and
CHX is TNF-dependent. The pro-apoptotic phenotype of HK1 depletion was
equally prominent in a PARP cleavage assay (figure 5.8.B). U20S cells treated
with a control siRNA exhibited PARP1 cleavage on a Western blot five hours after
treatment with TNF and CHX. Over the course of the following four hours, the
levels of PARP1 p89 continuously increased while the levels of full-length PARP1
decreased. In contrast, loss of HK1 accelerated PARP1 cleavage and resulted in
complete degradation of full-length PARP1 five hours after TNF and CHX
treatment. Similarly, HK1 depletion accelerated PARP cleavage in A549 cells
(figure 5.8.C). In control cells, the levels of the full-length PARP1 decreased
continuously, while the large cleavage fragment became detectable nine hours
after TNF and CHX. HK1 depletion accelerated PARP1 cleavage and generated
detectable levels of cleaved PARP1 p89 five hours after TNF and CHX treatment.

Moreover, | believe that the interactions between HK1 and the apoptotic
machinery extend beyond TNF-specific responses, as | noticed similar effects of
HK1 depletion on additional extrinsic apoptotic signals, such as Fas-crosslinking
antibody or TRAIL (figure 5.8.D, E). Fas cross-linking antibody activates the Fas
receptor [504], and soluble TRAIL activates TRAIL-R1 and TRAIL-R2 [505]. All 3
receptors belong to the class of FADD-recruiting death receptors [38].
Engagement of the receptors directly assembles a caspase-8 containing death-
inducing signaling complex (DISC) at the cell membrane that grows with receptor
internalization [38, 506, 507]. Thus, Fas and TRAIL receptors directly engage the

apoptotic signaling cascade at the membrane receptor [38, 506, 507].
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Figure 5.8. HK1 depletion accelerates death receptor-induced cell death. A:
Death indices of U20S cells depleted of HK1, NEMO, or caspase-8 (casp-8) and
treated with TNF, DMSO, CHX, or TNF and CHX in a resazurin viability assay. All
death indices are reported as the mean + S.E.M. of two independent experiments
and normalized to the death index of cells treated with a non-silencing siRNA
(ctrl.) and TNF and CHX, which was assigned a value of one. B: Western blot of
the time course of PARP1 cleavage in U20S cells treated with HK1 siRNA or a
non-silencing control siRNA (ctrl.). Cell were incubated with TNF and CHX for the
indicated time periods and lysates probed with an antibody that detects full-length
PARP1 (PARP1 FL) and the large PARP1 fragment (PARP1 cl). The Western
blot to the right shows the respective HK1 levels for the two siRNA treatments in
unstimulated cells. Actin served as a loading control throughout. C: As in (B), but
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for A549 cells. D,E: Death indices of HelLa cells depleted of HK1 and treated with
an activating anti-Fas antibody (D) or recombinant TRAIL (E) in a resazurin
viability assay. Death indices are reported relative to the death index of cells
treated with a non-silencing control siRNA (ctrl.) and as the mean value + S.E.M.
of three independent experiments. Death indices of cells treated with with a non-
silencing siRNA were assigned a value of one. Cells treated with c-FLIP siRNA
served as positive controls.
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Importantly, the features of the apoptotic signaling cascade are conserved
between TNF, Fas and TRAIL-R1 and TRAIL-R2 signaling [38, 506, 507]. As type
Il cells, HeLa cells recruit the mitochondrial apoptotic pathway [162-164] when
stimulated with soluble TRAIL or with an antibody that cross-links Fas receptors
to create a functional DISC. Both conditions led to a significant loss of cell viability
in a resazurin viability assay. Depletion of HK1 increased the level of Fas
receptor or TRAIL receptor-induced death to an extent comparable to the
depletion of the key inhibitor of caspase-8 activation, c-FLIP [109, 113] (figure
5.8.D, E). These observations suggest that HK1 is a likely a general regulator of
death receptor-induced apoptosis. These results are the first accounts of a

specific role of HK1 in the inhibition of extrinsic death receptor signals.

5.4. HK1 localizes to the mitochondria.

As HK1 attenuated death receptor-induced apoptotic signals in type Il cells, |
tested if HK1 regulates cell death at the level of the mitochondria similar to its role
in growth factor signaling. To this end, | first confirmed the mitochondrial
localization of HK1. HK1 interacts with the OMM in a dynamic and regulated
manner [307, 508]. Studies showed that the fifteen amino-terminal amino acids of
HK1 (figure 5.9.A) are necessary and sufficient to mediate HK1-mitochondria

interactions [311], even though the exact mechanism is unknown [360].

To validate those findings for HK1, | used fluorescence microscopy on fixed
HelLa cells to examine the subcellular localization of HK1. | stained endogenous
HK1 with specific primary antibodies that were recognized by fluorochrome-
coupled secondary antibodies. | also stained the mitochondria with the fixable
mitochondrial dye MitoTracker Red (figure 5.9.B). As expected, a large amount
of HK1 localized to the mitochondria. However, another population of HK1 did not

overlap with the mitochondria, and presumably resided in the cytoplasm.

| also performed cellular fractionation assays, and tested the mitochondrial
(heavy membrane) fraction or the cytosolic fraction for the presence of HK1. |
used the cytosolic protein tubulin [509] and the mitochondrial protein VDAC1
[204] as markers for the purity of the respective fractions.
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Figure 5.9. HK1 is predominantly mitochondrial. A: lllustration of the domain
structure of HK1, including the hydrophobic N-terminus (H), the regulatory
domain (R), and the C-terminal catalytic domain. The amino-terminal fifteen
amino acids responsible for mitochondrial association of HK1 are highlighted.
Red: hydrophobic amino acids, green: polar amino acids, blue: charged acidic
amino acids, pink: charged basic amino acids. B: Fluorescence microscopic
image of HelLa cells that were stained with an antibody against endogenous HK1,
mitotracker red, and nucleic acid stain Hoechst. All single channel images were
false-coloured (HK1 in green, mitotracker red in red, Hoechst in blue) and
merged. C: Western blot of the cellular localization of HK1 in type Il HeLa and
A549 cells. Total lysate, mitochondrial and cytosolic fractions were probed for
HK1, VDAC1 and Tubulin (Tub). Tubulin and VDAC1 served as markers for
cytosolic and mitochondrial fractions, respectively.
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The majority of HK1 co-fractionated with the mitochondria and only a portion

localized to the cytoplasm in HeLa cells and A549 cells (figure 5.9.C).

5.5. HK1 siRNA depletes mitochondrial HK1.

Mitochondrial HKs are essential to mediate the anti-apoptotic effect of growth
factors [340-342, 357, 370]. Given that HK1 plays an anti-apoptotic role in TNF-
induced apoptosis signaling, and that depletion of HK1 potentiates apoptotic
signaling, | hypothesized that HK1 depletion also depletes the mitochondrial HK1

pool and permits mitochondrial apoptotic signaling.

To examine the impact of HK1 siRNA on mitochondrial HK1, | transfected
HelLa cells with HK1 siRNA or a non-silencing control siRNA. On day three, |
ruptured the cells mechanically and separated the mitochondrial and cytosolic
fractions. | detected a depletion of the mitochondrial and the cytosolic HK1 pool in
separated fractions (figure 5.10.). | conclude that HK1 siRNA decreases the pool

of HK1 at the mitochondria.

5.6. HK1 siRNA decreases the IMM potential.

As HK1 localizes to the OMM [304-306] and growth factors counter apoptosis
through mitochondrial HKs [340-342, 357, 370] upstream of mitochondrial
cytochrome c¢ release [367], | hypothesized that reduction of the mitochondrial
HK1 pool decreases mitochondrial integrity. In line with this hypothesis, | showed
that depletion of HK1 from HelLa cells decreases the IMM potential in the

absence of an apoptotic stimulus (figure 5.6.A).

To substantiate that finding, | re-examined the IMM potential after siRNA-
mediated depletion of HK1. On day three after the transfection, | performed a
cytometric TMRE assay to measure the proportion of cells with a decreased IMM
potential. Cells that were depleted of HK1 (figure 5.11.B) had a two-fold larger
population of cells with decreased IMM potential in comparison to cells treated
with a non-silencing control siRNA (figure 5.11.A). The decrease of the IMM
potential in cells treated with HK1 siRNA occured specifically between day two
and day three after siRNA transfection (figure 5.11.D) concident with the
depletion of HK1 protein (figure 5.11.C). | conclude that HK1 depletion, which
includes HK1 depletion at the OMM, reduces the IMM potential.
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Figure 5.10. HK1 siRNA depletes mitochondrial HK1. Western blot of HK1 in
cellular fractions of HelLa cells treated with HK1 siRNA or an unspecific control
siRNA (ctrl.). Heavy membrane/mitochondrial (mito), and cytosolic (cyto) fractions
were isolated. All fractions were blotted for HK1, cytochrome c (cyt c), tubulin and
VDAC1. Tubulin and VDAC1 served as markers for cytosolic and mitochondrial
fractions, respectively.
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Figure 5.11. HK1 siRNA decreases the IMM potential. A: Plot of the relative
amount of cells with a reduced IMM potential (AW\)/TMRE staining in a
population of HeLa cells treated with HK1 siRNA or a non-silencing control SiRNA
(ctrl.). All values are presented as relative values to the proportion of control cells
with reduced IMM potential, which was assigned a value of one. Three
independent experiments were performed and presented as the mean + S.E.M. A
significant difference (p<0.05) between the two experimental groups in the
Student’s T-test is indicated with *. B: Western blot of HK1 expression in HelLa
cells from panel B. Cells were treated with HK1 siRNA or non-silencing control
SiRNA (ctrl.). Total cell lysates were blotted for HK1 and tubulin (Tub) as a
loading control. C: Western blot of the time course of siRNA-mediated HK1
depletion in HelLa cells. Cells were treated with HK1 siRNA, non-silencing control
siRNA (ctrl.), or no siRNA (none) and incubated for the indicated time periods.
Cell lysates were blotted for HK1 and tubulin (Tub) as a loading control. D:
Representative time course of the relative amount of cells with reduced IMM
potential (AW\)/TMRE staining in HeLa cells from panel C. Cells were transfected
with HK1 siRNA or a non-silencing control siRNA (ctrl.) and incubated for the
indicated time periods. All values are relative to the proportion of control cells with
reduced IMM potential at each individual time point, which was set to one.
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5.7. Mitochondrial detachment of HKs decreases the IMM potential and

mitochondrial integrity.

To provide evidence for the link between mitochondrial HK1 and the IMM
potential, | used a direct approach to detach HK1 from the mitochondria while
keeping the total cellular levels of HK1 constant. To this end, | used the anti-
fungal imidazole derivative clotrimazole (CTZ). Treatment of B16 melanoma cells
with CTZ in the absence of serum reduces the levels of mitochondrial hexokinase
activity [510] and protein [340-342]. The molecular mechanism of CTZ-mediated
HK detachment from the mitochondria is not understood in detail, but it is thought
that the amphipathic CTZ disturbs the interactions of charged membrane
molecules with their binding partners, such as the interaction of HKs with VDAC
in the OMM. CTZ seems unable to access pre-formed VDAC:HK complexes, but
prevents the reformation of the interaction following HK detachment [315]. |
believe that this is the reason why CTZ is usually administered in culture medium
without growth factor-containing serum. As growth factor deprivation in the
presence of sufficient energy and nutrient supply should allow the detachment of
mitochondrial HKs, the simultaneous presence of CTZ presumably prevents the
re-attachent of HKs to the mitochondria.

A caveat for these studies is that CTZ prohibits the re-attachment of both
mitochondrial HK1 and HK2 [340, 341]. Accordingly, when | treated HelLa cells
with 20 uM CTZ for 1 hour in the absence of serum, HK1 and HK2 levels
decreased in the mitochondrial or heavy membrane fraction and increased in the
cytosolic fraction (figure 5.12.A). In contrast, treatment with the CTZ solvent
DMSO did not affect the localization of HK1 or HK2. | then used the TMRE assay
to monitor the effect of HK detachment from the mitochondria on the IMM
potential. Treatment of HeLa cells with CTZ decreased the IMM potential in a
concentration-dependent fashion. Very low concentrations of CTZ did not affect
the IMM potential, but as soon as a threshold of around 20 uM CTZ was reached,
the amount of cells with a decreased IMM potential rapidly increased until
saturation at around 60 pM CTZ (figure 5.12.B). A concentration of 100 pM CTZ
rendered almost all cells TMRE negative, suggesting a collapse of the IMM

potential in the majority of the mitochondria.
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Figure 5.12. Mitochondrial detachment of HKs decreases the IMM
potential and disrupts mitochondrial integrity. A: Western blot of the
localization of mitochondrial HKs after treatment with CTZ. HelLa cells were
treated with serum-free medium (SFM) (untr.), SFM with the solvent DMSO
(DMSO), or SFM and 20 pM CTZ (CTZ) for 1 hour. Total, heavy
membrane/mitochondrial (mito), and cytosolic (cytosol.) fractions were isolated
and probed with antibodies against HK1, HK2, cytochrome c (cyt c), tubulin,
and VDAC1. Tubulin (Tub) and VDAC1 served as markers cytosolic and
mitochondrial fractions, respectively. B: Representative graph of the
percentage of cells with a reduced IMM potential (AY\)/TMRE staining in a
population of HeLa cells treated with increasing concentrations of CTZ. Cells
were incubated with the indicated concentrations of CTZ or CTZ solvent
DMSO for 1 hour. C: Representative graph of the percentage of cells with a
reduced IMM potential (A%Wy)/TMRE staining in a population of HelLa cells
depleted of HK1 and treated with increasing concentrations of CTZ. HelLa cells
were pretreated with HK1 siRNA or a non-silencing control siRNA (ctrl.) and
incubated with the indicated concentrations of CTZ or its solvent DMSO for
one hour in SFM. D: Western Blot of HK1 expression in HelLa cells from panel
C. Cells were treated with HK1 siRNA or a non-silencing control siRNA (ctrl.).
Cell lysates were blotted with an antibody for HK1 and tubulin (Tub) as a
loading control.
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Thus, the phenotype of CTZ treatment essentially mirrors the phenotype of
siRNA-mediated HK1 depletion. Both treatments deplete the mitochondrial HK1

pool and decrease the IMM potential.

To test if the decrease of the IMM potential through CTZ was at least in part
mediated by reduction of mitochondrial HK1 levels and not just by the reduction
of mitochondrial HK2 levels, | generated another CTZ concentration curve for
cells that were treated with HK1 siRNA and compared it to the one of cells treated
with a non-silencing control siRNA (figure 5.12.C, D). HK1 depletion resulted in
the typical increase in the population with a decreased IMM potential. The
threshold concentration for CTZ to decrease the IMM potential halved in HK1-
depleted cells from 20 uM to 10 pM. Likewise, the growth of the population with
decreased IMM potential saturated at lower CTZ concentrations than in cells
treated with a non-silencing control siRNA. These results demonstrate that
depletion of HK1 facilitates the decrease of the IMM potential by CTZ. This
finding prompts me to propose that mitochondrial HK1 is required to stabilize the
IMM potential. The loss of mitochondrial cytochrome ¢ after the detachment of
mitochondrial HKs with a lower concentration of CTZ (figure 5.12.A) supports the
notion that HK1 maintains not just the IMM potential, but also mitochondrial

membrane integrity.

5.8. Mitochondrial detachment of HKs accelerates TNF-induced apoptosis.

| then asked if detachment of mitochondrial HKs with CTZ sensitizes HelLa
cells to TNF-induced apoptosis. To this end, | induced apoptosis with TNF and
CHX and treated cells with the lowest concentration of CTZ that caused a
detectable decrease of the IMM potential (20uM). CTZ generally only detaches
mitochondrial HKs when given in serum-free medium [315, 340, 341]. However,
prolonged incubation in serum-free medium is harmful to HelLa cells. Therefore, |
exposed Hela cells to serum-free medium from two to four hours after treatment
with TNF and CHX. This time frame coincides with the arrival of the pro-apoptotic
signal at the mitochondria. Six hours after treatment with TNF and CHX, |
determined the size of the population with a decreased IMM potential in a TMRE
assay. The combination of TNF and CHX alone only mildly increased the
population with a decreased IMM potential (figure 5.13.A). In contrast, the
combined treatment of CTZ and TNF and CHX decreased the IMM potential.
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Figure 5.13. Mitochondrial detachment of HKs accelerates TNF-induced
apoptosis. A: Graph of the percentage of cells with a reduced IMM potential
(A¥Yw)/TMRE staining in a population of HeLa cells treated with a combination of
a death receptor signal (TNF, TNF and CHX, CHX control, or untreated control
(untr.)) for six hours and a chemical that detaches mitochondrial HKs (CTZ in
serum-free medium (SFM), CTZ solvent DMSO control in SFM, or SFM control).
Values are presented as the mean + S.E.M. of two independent experiments. B:
Western blot of caspase-9 and PARP1 cleavage in HelLa cells from panel A. Cell
lysates for zero, six, and eight hour time points were probed with antibodies that
detected full-length caspase-9 (casp-9 FL) and p37 and p35 cleavage products,
full-length PARP1 (PARP1 FL) and p89 cleavage product (PARP1 cl), and tubulin
(Tub) as a loading control.
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The population of cells with decreased IMM potential more than doubled in
comparison to treatments with CTZ or combined TNF and CHX alone. Combined
treatment with TNF and CTZ only mildly increased the size of the population with
decreased IMM potential in comparison to single treatments. These results show
that detachment of mitochondrial HKs sensitizes HelLa cells to TNF and CHX-

induced decrease of the IMM potential.

I was interested whether CTZ accelerates the appearance of other apoptotic
markers upon exposure to TNF and CHX. Therefore, | used the same
combination of treatments and monitored the cleavage of caspase-9, as well as
the cleavage of the caspase substrate PARP1 on a Western blot. | visualized
those apoptotic markers six and eight hours after incubation with TNF and CHX,
respectively. None of the individual treatments with TNF, CHX, CTZ or its solvent
DMSO led to the cleavage or caspase-9 or PARP1 (figure 5.13.B). However,
treatment with TNF and CHX resulted in a mild cleavage of caspase-9 and
PARP1. When | administered TNF, CHX, or TNF and CHX in combination with
CTZ, | observed a low level of cleavage in cells treated with TNF, and a
pronounced cleavage in cells treated with TNF and CHX. The level of processing
greatly exceeded the one in control cells treated with DMSO. | conclude that
treatment with CTZ sensitizes cells to TNF-induced apoptosis. These findings

argue that mitochondrial HKs counter TNF-induced apoptosis.

5.9. Bcl-2 proteins modify the decrease of the IMM potential after HK1
depletion.

5.9.1. Bcl-2 overexpression stabilizes the IMM potential after HK1 depletion.

Next, | examined the relationship between mitochondrial HK1 and the IMM
potential. Others [340-342] and | (figure 5.12.A) observed that detachment of
mitochondrial HKs through CTZ or HK2-specific peptides results in the release of
cytochrome c, a hallmark of mitochondrial apoptotic signaling. Furthermore,
detachment of mitochondrial HKs with CTZ or a HK2-specific peptide increased
the amount of mitochondrial Bax [340]. Both findings suggest that loss of
mitochondrial HKs leads to the release of cytochrome c through the formation of
Bax and possibly Bak-regulated channels in the OMM [170, 511]. Anti-apoptotic
Bcl-2 proteins, like Bcl-2, inhibit the formation of cytochrome c releasing channels
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by sequestration of Bak and Bax-activating BH3-only proteins [259-262] or Bak
and Bax themselves [218, 235, 239, 258].

To examine if pro-apoptotic Bcl-2 proteins are required to decrease the IMM
potential after HK1 depletion, | tested, whether Bcl-2 overexpression attenuates
the decrease of the IMM potential following HK1 depletion. To this end, | depleted
HK1 (figure 5.14.A) and overexpressed Bcl-2 in HelLa cells. To obtain maximal
amounts of HK1-depleted, Bcl-2 expressing cells, | transfected HelLa cells with
HK1 siRNA or non-silencing control siRNA on day one and Bcl-2 or control
plasmid on day three. As the major drop of HK1 protein levels and the IMM
potential occured between day three and four (figure 5.2.A, 5.11.C), | reasoned
that expression of Bcl-2 from day three on is sufficient to examine its effect on the
decrease of the IMM potential. siRNA-mediated depletion of HK1 resulted in the
typical increase of the population with decreased IMM potential (p<0.01) (figure
5.14.B). Interestingly, overexpression of Bcl-2 significantly blocked the increase
of the population with a decreased IMM potential after HK1 depletion (p<0.01). In
fact, there was no significant difference in the IMM potential of cells that
overexpressed Bcl-2 after treatment with a non-silencing siRNA or a HK1 siRNA.
| conclude that pro-apoptotic Bcl-2 proteins are involved in the decrease of the
IMM potential after loss of HK1.

5.8.2. HK1 depletion decreases the IMM potential in a manner that requires
Bak and Bax.

Bcl-2 controls the formation of Bak and Bax-regulated channels in the OMM
[218, 235, 258-260, 262]. Given that Bcl-2 overexpression blocked the decrease
of the IMM potential after HK1 depletion, | examined if the formation of Bak and
Bax-regulated channels in the OMM is the molecular basis for the loss of
mitochondrial integrity after HK1 depletion. Specifically, | used mouse embryonal
fibroblast (MEF) cells with a deletion in the genomic bak and bax genes that
hinders the expression of functional Bak and Bax [512, 513]. Both wild type (wt)
and DKO cells expressed HK1 and exhibited a cellular HK1 localization pattern
comparable to Hela cells (figure 5.15.A). The majority of cellular HK1 attached to
the mitochondria, and a minor amount resided in the cytoplasm. In contrast, HK2
was hardly expressed. Low amounts of HK2 exclusively localized to the

mitochondria.
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Figure 5.14. Bcl-2 overexpression stabilizes the IMM potential after HK1
depletion. A: Western Blot of HK1 expression in HelLa cells transfected HK1
SiRNA or a non-silencing control siRNA and a Bcl-2 expression contruct or a
control plasmid (ctrl.). Cell lysates were blotted for HK1 and tubulin (Tub) as a
loading control. B: Plot of the relative proportion of HelLa cells with a reduced
IMM potential (AW\)/TMRE staining after transfection with HK1 siRNA or a non-
silencing control siRNA (ctrl.) and a Bcl-2 expression construct or control plasmid
(ctrl.). All values are reported relative to the proportion of cells with reduced IMM
potential in the cell population transfected with control siRNA and plasmid and
presented as the mean + S.E.M of three independent experiments. A significant
difference between experimental groups in a Student’s T-test with p<0.01 is
indicated with **, and a non-significant difference with n.s.
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Figure 5.15. The absence of Bak and Bax stabilizes the IMM potential after
HK1 depletion. A: Western blot of the expression and localization of HKs and
cytochrome c in wild type (wt) and Bax/Bak double knock-out (DKO) MEFs. Total,
heavy membrane/mitochondrial (mito), and cytosolic (cyto) fractions were isolated
and blotted for HK1, HK2, cytochrome c (cyt c), tubulin and VDAC1. Tubulin
(Tub) and VDAC1 served as markers for cytosolic and mitochondrial fractions,
respectively. B: Western Blot of the expression of HK1 in wild type (wt) and
Bax/Bak double knock-out (DKO) MEF cells transfected with HK1 siRNA or a
non-silencing control siRNA (ctrl.). Cell lysates were blotted for HK1 and tubulin
as a loading control. C: Plot of the relative proportion of cells with a reduced IMM
potential (AW\)/TMRE staining in wild type (wt) and Bax/Bak double knock-out
(Bax/Bak DKO) MEFs after treatment with HK1 siRNA or a non-silencing control
SiRNA (ctrl.). All values are presented as the mean + S.E.M of four independent
experiments. A significant difference between experimental groups in the
Student’s T-test with p<0.01 is indicated with **, and a non-significant difference
with n.s.
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| then depleted HK1 with an siRNA specific for mouse HK1 (figure 5.15.B),
and monitored whether the reduction of the IMM potential occurred in wt and
Bak/Bax DKO cells. HK1 depletion significantly (p<0.01) reduced the IMM
potential in wt cells. However, the loss of Bak and Bax blocked the decrease of
the IMM potential after HK1 depletion (p<0.01), and did not significantly change
the IMM potential in DKO cells (figure 5.15.C). These results indicate a
requirement for Bak and/or Bax for the decrease of the IMM potential following
depletion of HK1, most likely through the formation of Bak and/or Bax channels in
the OMM and release of pro-apoptotic molecules. | conclude that HK1 stabilizes

the IMM potential through the inhibition of Bak and/or Bax at the mitochondria.

5.8.3. HK1 depletion initiates and accelerates Bax activation.

The previous chapter showed that the decrease of the IMM in the absence of
HK1 is mediated at least in part by Bak and Bax. These findings prompted me to
ask, if HK1 depletion allows Bax translocalization from the cytoplasm to the
mitochondria, Bax oligomerization at the mitochondria and mitochondrial
cytochrome c release in the absence of an apoptotic stimulus. | also asked if a
combination of TNF, CHX, and HK1 depletion accelerated mitochondrial

apoptotic events.

To monitor Bax translocation and cytochrome c release, | transfected HelLa
cells with HK1 or control siRNA. On day three, | treated the cells with TNF and
CHX and performed cellular fractionation to examine the presence of Bax and
cytochrome c in the mitochondrial (heavy membrane) or cytosolic fraction,
respectively. Interestingly, loss of HK1 elevated mitochondrial Bax levels in the
absence of an apoptotic stimulus and further increased them in the presence of
TNF and CHX (figure 5.16.A). In line with my previous findings (figure 5.10.), |
did not detect alterations in the levels of mitochondrial or cytosolic cytochrome ¢
in the absence of an apoptotic cue. However, the release of mitochondrial
cytochrome c into the cytoplasm was accelerated when HK1-depleted cells were
exposed to TNF and CHX.
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Figure 5.16. HK1 depletion initiates and accelerates Bax activation. A:
Western blot of the time course of Bax translocalization to the mitochondria and
release of cytochrome c¢ from the mitochondria during TNF-induced apoptosis.
HelLa cells were treated with HK1 siRNA or a non-silencing control siRNA and
incubated with TNF and CHX for the indicated time periods. Total lysates, heavy
membrane/mitochondrial and cytosolic fractions were probed for Bax, cytochrome
¢ (cyt ¢), HK1, Tubulin (Tub) and VDACL. Tubulin and VDAC1 served as markers
for cytosolic and mitochondrial fractions, respectively. B: Western blot of Bax
oligomerization in HeLa cells after treatment with TNF and CHX for the indicated
time periods. Cells were treated with HK1 siRNA or a non-silencing control
SiRNA. Lysates of the heavy membrane/mitochondrial fractions were incubated
with the cross-linker BMH and probed with an antibody against Bax and VDAC1.
Bax mono- and multimers are indicated. VDAC1 served as a loading control. C:
Western blot of HK1 depletion in the cell populations from B. Cells were depleted
of HK1 or treated with a non-silencing control siRNA. Both populations were
treated with TNF and CHX for the indicated time periods, lysed and probed with
an antibody against HK1 and VDACL1. VDACL1 served as a loading control.
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To examine the effect of HK1 depletion on the oligomerization of Bax, | treated
HelLa cells with HK1 or control siRNA. On day three, | treated the cells with TNF
and CHX to induce Bax oligomerization. | then performed cellular fractionation to
isolate the mitochondrial (heavy membrane) fraction. | lysed the mitochondrial
fraction and exposed the lysates to the cross-linker bismaleimidohexane (BMH)
to covalently link possible Bax oligomers and to render them resistant to the
denaturing conditions of SDS-polyacrylamide gel electrophoresis. In the absence
of TNF and CHX, the majority of mitochondrial Bax was monomeric in control
cells (figure 5.16.B). Over the course of six hours treatment with TNF and CHX
the amount of monomeric Bax decreased and the amount of dimeric, trimeric and
tetrameric Bax increased steadily. As oligomerization of Bax begins with
dimerization [236], and continues with the oligomerization of Bax dimers [240],
the presence of trimeric Bax indicates incomplete cross-linking and suggests that
the actual size of the oligomers was larger than the detected fragments on the
Western blot. Loss of HK1 (figure 5.16.C) was accompanied by lower levels of
monomeric Bax and higher levels of dimeric Bax in the absence of TNF and CHX
(figure 5.16.B). This indicates that loss of HK1 not only increases the amounts of
mitochondrial Bax, but also activates and oligomerizes Bax at least to the dimeric
state. Strikingly, incubation with TNF and CHX accelerated the formation of
higher state Bax oligomers in cells treated with HK1 siRNA in comparison to
control cells. Due to the possibility of imcomplete cross-linking, conclusions on
the formation of functional, cytochrome ¢ permeable Bax pores cannot be drawn.
These data demonstrate that cellular HK1 inhibits access of Bax to the
mitochondria and Bax oligomerization at the mitochondria and provides at least a
partial mechanistic explanation for the loss of the IMM potential after HK1
depletion. | cannot exclude that HK1 depletion also affects Bak or other

mitochondrial components.
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CHAPTER 6. DISCUSSION.
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6.1. A high-throughput siRNA assay for modifiers of TNF-induced death.

In the present study, | examined the regulation of cell viability in response to
TNF. TNF serves as a second messenger in inflammation to coordinate a
meaningful response to an infection or tissue damage [19, 51, 54]. It triggers an
array of reactions in cells at the inflammation site that include the secretion of
additional pro-inflammatory cytokines, cell differentiation and proliferation, and
the induction of cell death [19, 51, 54]. In an ideal situation, inflammation confines
and eliminates the danger from the organism [19, 51, 54]. However, the beneficial
effects of TNF and inflammation are often accompanied by undesirable effects
such as tissue damage [19, 20, 54]. A similar “balance act” between life and
death in the inflammatory environment accompanies tumor development. Many
tumors are characterized by a low level of inflammation that results from the
infiltration with cells of the innate and the adaptive immune system [15]. A low
level of inflammation is advantageous for tumor progression as it promotes
angiogenesis, cancer cell proliferation, tissue invasion, and metastasis [457]. In
contrast, a full-blown inflammation can lead to tumor regression due to its
cytotoxic side effects, including the capability of TNF to induce cell death [457,
458]. Given the medical relevance, it is essential to establish a good
understanding of the intracellular molecular mechanisms that regulate cell

viability in the presence of TNF.

TNF provokes physiological responses through NF-kB, MAPK, and caspase
modules [47, 52]. There is considerable cross-talk between the individual
modules, and there are still major gaps in our understanding of the activation and
integration of signals from each module [50, 52, 140, 146, 147, 462, 480]. |
sought to address these questions with an siRNA screen for regulators of TNF-
induced cell death. | reasoned that siRNA will help identify the most important
and non-redundant players in the pathway. These could be valuable candidates
for the treatment of inflammatory diseases and diseases with a disturbed balance

of survival or death signaling such as cancer.

In the present study, | developed and executed the first sSiRNA screen for
modifiers of TNF-induced death. Specifically, | screened nine hundred eighty six
human kinases, phosphatases and associated proteins and identified key

signaling elements and novel candidate modifiers of TNF-induced death.
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6.1.1. Development of a high-throughput siRNA assay for modifiers of TNF-

induced death.

The development of RNAI technology makes it possible to address complex
guestions, such as “What are the modifiers of TNF-induced death?”, in a
reasonable time frame. No more than fifteen years ago, a systematic and
unbiased approach to that question did not even exist. At the time, potential
modifiers had to be tested by overexpression of wild-type or mutant constructs or
by the time-consuming process of generating knock-out animals. While these
technigues remain standard techniques for in-depth secondary analysis, RNAi is

a very potent gene discovery tool prior to detailed molecular analysis.

In 1998, Fire and Mello discovered the causative agent and mechanism
behind observations that were generally labeled as post-transcriptional gene
silencing [514]. For their pioneering work on RNAi in the nematode
Caenorhabditis elegans, they were awarded the nobel prize in Physiology or
Medicine in 2006.

The power of RNAI as a tool for the rapid generation of depletion “mutants” in
cell culture or even specific areas of entire organisms was immediately
recognized. However, a hurdle for the application of RNAi in mammalian systems
still had to be overcome. The use of long dsRNAs as the basis for RNAI, which
worked wonderfully in invertebrates, provoked an innate immune response in
mammalian cells [436]. Elbashir and colleagues overcame those difficulties in
2001 with their discovery that mammalian systems tolerate small interfering RNA
duplexes (siRNAs) of roughly twenty one base pairs [437]. That breakthrough
paved the way for the establishment of the first sSiRNA and plasmid-based shRNA
libraries [441, 442, 515-518].

To establish a high-throughput siRNA screen for protein modifiers of TNF-
induced death, | sought a cellular system that responds to siRNA and faithfully
reproduces prominent features of signal transduction in response to TNF. |
demonstrated that the human epithelial adenocarcinoma line HelLa [459, 460]
activates NF-kB, JNK and caspase modules after treatment with TNF (figure 3.1.
and 3.2.). Furthermore, | confirmed that the caspase module is active in the

absence of TNF-induced gene translation (figure 3.2.).
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Therefore, 1 combined TNF and the translation inhibitor CHX to induce
apoptosis. As anticipated, | observed that siRNA-mediated depletion of the pro-
apoptotic protein caspase-8 prevented the induction of apoptosis by TNF and
CHX (figure 3.3.). Depletion of the anti-apoptotic NF-kB activator NEMO mildly
inhibited prominent hallmarks of TNF-induced NF-kB signaling (figure 3.4.). |
believe that the weak phenotype may be a result of inefficient protein depletion by
the specific NEMO siRNA, which should be validated in future quantitative real-
time PCR and Western blot studies. However, loss of NEMO greatly accelerated
the induction of TNF-induced death (figure 3.4.) and therefore served as a valid

positive control for the modification of TNF-induced death.

| then established a simple and sensitive ninety six-well viability assay for the
guantification of cell death in response to a combined TNF and CHX regime
(figure 3.6.). | also established a high-throughput protocol to efficiently deplete
target proteins with siRNA (figure 3.5.). Depletion of caspase-8 or NEMO
resulted in the anticipated response to treatment with TNF and CHX in the
viability assay (figure 3.7. to 3.9.). These findings suggest that the assay was

sufficiently robust to identify novel modifiers of cell death.

6.2. An siRNA screen for modifiers of TNF-induced death.
6.2.1. Analysis of the screen data.
6.2.1.1. Data normalization.

A major challenge for the execution of large-scale RNAI screens is to keep the
error rate minimal to allow data comparison between individual samples [519,
520]. Therefore, the goal is to execute the entire screen in a minimal time frame,
with minimal reagent variability, the same batch of cells, and to process each
plate in exactly the same way. These criteria are broadly satisfied by the relatively

uncomplicated high-throughput resazurin assay described above.

As | performed the screen manually, | was limited by the amount of plates |
could handle in a day and processed all one hundred fifty six ninety six-well

plates in ten subsets.
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Figure 4.2. shows that there were prominent subset-to-subset variations in the
fluorescence ranges across all one hundred fifty six plates and smaller but
significant plate-to-plate variations, which made comparison of raw fluorescence
values across plates impossible. For example, plates thirty one to fourty two,
which were not treated with TNF and CHX, and the corresponding plates one
hundred nine to one hundred twenty, which were treated with TNF and CHX
(indicated with a bracket), exhibited significantly lower raw resorufin fluorescence
values than the rest of the plates. The lower fluorescence values result from
reduced cell numbers in the specific subset, due to cell counting errors. However,
as the low cell numbers did not affect general cell viability, the plate subset
contributed a valuable data set to the screen. In the future, automated cell

counting can be used to circumvent issues with variable cell numbers.

To eliminate plate-to-plate variations | normalized fluorescence values from
each plate to the average fluorescence value of the plate-internal non-silencing
SiRNA controls (figure 4.2.). Commercially available non-silencing siRNAs are
designed to have no homology with any human transcript. The non-silencing
siRNA that | used in the screen (AllStars negative control siRNA, Qiagen) has
been validated in microarray assays to have no impact on the expression of
genes involved in interferon signaling, cell cycle, apoptosis signaling, and
Jak/Stat signaling in standard human cell lines [521]. Moreover, cell number, cell
viability, cell cycle profile, DNA synthesis, and nuclear size did not significantly
vary from untransfected cells [521]. Importantly, the siRNA successfully entered
the RISC complex [521]. In my assays, the non-silencing siRNA behaved as a
reliable negative control with a TNF-dependent death index that was clearly
distinct from the caspase-8 and NEMO positive controls.

The siRNA kinase and phosphatase library plates are organized in a non-
randomized manner. For example, the eight MAPKs, MAPK3 (ERK1), MAPKS8
(JNK1), MAPK11 (p388B), MAPK13 (p38d8), MAP3K13 (MLK), MAP2K7 (MKK?7),
MAPK12 (p38y), MAP4K1 (HPK1) are all positioned on one siRNA plate. Six of
the MAPKs modify TNF pathway signaling [52](figure 1.5.). The same plate also
contains the NF-kB modifiers TAB2, I-kB-¢ and RIPK1 [52, 463].
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The non-stochastic arrangement of experimental siRNA duplexes in the assay
plates precludes the use of normalization procedures that report experimental

values relative to the plate mean or median [492, 493].

While normalization to a defined value like the average of the negative controls
centers all plate distributions, alternative normalization methods also correct for
variability in the distribution of values between plates. For example, the
transformation of all raw fluorescence values into dimensionless standard or z-
scores centers all plate distributions and sets the plate standard deviations to one
[520]. The standard or z-score is calculated by dividing the difference of the
individual raw fluorescence values and the plate mean by the plate standard
deviation [520]. | defined the plate mean as the mean raw fluorescence value of
the negative controls and the standard deviation as the standard deviation from
the negative controls. That way, each siRNA obtained a value that expressed the

number of standard deviations between itself and the plate negative controls.

In general, z-scores are superior to plate normalization to the negative
controls, as z-scores account for variation in the distribution of the fluorescence
values across the plate [520]. However, the specific set-up of my screen made z-
score calculations disadvantageous. | wished to calculate a TNF-dependent
death index for each siRNA based on the ratio of viability without TNF and CHX
and viability with TNF and CHX. In my screen, raw viability values originated from
different plates that were not comparable without normalization. z-scores made
all viability values comparable to each other. However, it adjusted plate standard
deviations of plates that were not treated with TNF and CHX to the ones that
were treated with TNF and CHX. Thus, it amplified small differences in the
viability of cells in the absence of TNF and CHX to adjust it to the high variability
of viability values in the presence of TNF and CHX. The subsequent calculation
of death indices yielded unreasonable death indices for known modifiers of TNF-
induced death. Therefore, | refrained from the use of z-scores to identify novel
modifiers of TNF-dependent cell death.

In the future, it is preferable to examine individual siRNAs in the presence and
absence of TNF and CHX on the same plate. This plate organization permits the

calculation of death indices before the calculation of z-scores.
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Plate effects are another source of error in siRNA screens [433, 491, 522].
Plate effects are differences in the viability values across a plate that derive from
the position of each well on the plate irrespective of the siRNA under examination
[522]. Cells on the edges of plates are exposed to slightly different conditions
than cells in the center of the plate [522]. For example, media evaporation,
availability of oxygen, and humidity are factors that vary with the well position.
Other plate effects might result from systematic pipetting errors. | created heat
maps of the viability values across plates to test for potential plate effects
(appendix 3). Kinase and phosphatase plates that were not treated with TNF and
CHX were characterized by a relatively even distribution of viability values across
plates. However, there were some plate effects in the edge columns and rows,
which resulted in higher viability at the edge and lower viability in the center of the
plate. Kinase and phosphatase plates that were treated with TNF and CHX were
characterized by highly variable viability values. There was no obvious abnormal
spatial distribution of viability values. Given that the overall plate effects for the
screen were insubstantial, | did not account for plate effects in my evaluation of

data from the primary screen.

6.2.1.2. Data scoring.

The accurate identification of hits that are true modifiers of TNF-induced death
requires reliable scoring criteria. One of the first issues | encountered in the
process of setting reliable scoring criteria was the question of how to rank gene
products that were assayed with three siRNAs. Non-overlapping siRNA duplexes
that target a single gene often generate phenotypes of different severities in
guantitative assays [523]. Phenotypic variability derives from the ability of the
siRNA to deplete the target gene [443]. Another undesired factor for phenotypic
variability between individual siRNAs is the possibility of off-target effects (OTES)
[490, 524, 525]. OTEs arise from unintended interactions of an siRNA with the
target cell, whether they are sequence-dependent or not [490, 524, 525].
Sequence-specific OTEs are caused by the unintentional depletion of a protein
other than the targeted one [490, 524, 525]. While experimental siRNA duplexes
perfectly match the target mRNA, there are instances of near perfect matches
between the experimental duplex and the open reading frame of a second
“bystander mRNA” [526].
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Experimental siRNA duplexes may also display imperfect matches with the
untranslated regions of a non-targeted mRNA and induce translational silencing
of the bystander transcript [422, 524, 526, 527]. The most significant factor for an
imperfect match is a sequence match with the siRNA seed region, which
comprises nucleotides two to eight from the 5 end of the single strand siRNA
[422, 524, 526].

In addition, OTEs may arise from the incorporation of the non-guide or
passenger strand of the experimental siRNA duplex into the RISC [433]. Some
siRNA vendors introduce chemical modifications into the siRNA backbone that
greatly reduce the entry of the siRNA passenger strand into the RISC complex to
eliminate passenger strand-mediated OTEs [528, 529]. The siRNA duplexes of
the kinase and phosphatase library had no chemical modifications. In short, it
seems reasonable to assume the assignment of ranks to genes examined with
three individual siRNAs is complicated by phenotypic penetrance of individual
siRNAs and confounding OTEs. To mitigate against OTEs [490] and to assign a
representative functional phenotype to each siRNA, | ranked genes according to
the value of the median siRNA.

These criteria provided me with three distributions, a distribution of median
viability values in the absence of TNF and CHX, a distribution of median viability
values in the presence of TNF and CHX, and a distribution of median death
indices (figure 4.6.). These distributions covered large ranges of viability values
and death indices to each side of the non-silencing siRNA control and were
framed by the values of caspase-8 and NEMO siRNAs in the distributions that
resulted from the treatment with TNF and CHX. These findings suggest that the
screen detected enhancer and suppressor type siRNA phenotypes and not only

experimental variance.

The distributions of the median viability values were skewed in the absence
and presence of TNF and CHX (figure 4.6.). 83% and 77% of the genes qualified
as pro-survival proteins in the absence or presence of TNF and CHX,
respectively. Their corresponding viability values spread with three-fold and 1.5
fold greater variability than the ones of the remaining pro-death proteins,

respectively.
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Similarly, the distribution of the median death indices was skewed towards the
pro-survival proteins. 62% of all proteins qualifed as pro-survival proteins and
covered a 5.5 fold larger range of death indices than the pro-death proteins. |
speculate that a major reason for the data asymmetry in my screen derives from
the fact that | screened a specific subset of proteins and not the entire genome.
Many protein kinases and phosphatases have essential functions in the absence
of TNF [530] and established pro-survival roles in TNF signaling [52]. This may
be an underlying reason for the overrepresentation of pro-survival proteins in the

screen.

Setting symmetric scoring thresholds on skewed distributions is problematic. It
leads to an underrepresentation of hits on the side of the distribution with the
narrower distribution of values. In the case of the screen described in this thesis,
symmetric scoring thresholds on the distribution of median death indices
excluded established pro-death proteins as valid “hits” in the screen. For
example, the established TNF-dependent pro-death protein JNK1 was not
identified as a pro-death protein, despite the low death indices of 0.34, 0.66, and
0.74 identified for the individual sSiRNAs.

To accommodate the asymmetric distribution of viability values and death
indices | set separate significance thresholds for pro-survival and pro-death
proteins. Specifically, | assigned significance thresholds by defining independent
confidence intervals (Cl) for the two groups. The confidence threshold for
normally distributed data sets is calculated as the product of the standard
deviation of the distribution and the tabulated x-values of the Gaussian density
function according to the desired level of confidence [531]. | assumed that the
viability values and death indices were normally distributed on the respective
sides of the non-silencing siRNA control. | then calculated standard deviations
and confidence thresholds for the values on either side of the non-silencing
control. This is mathematically possible because the standard deviation of the
distribution depends on the squared distances of each individual value from the
non-silencing siRNA control and is independent of the side, on which the values
are located [531].
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| set a 95% CI as the threshold for pro-survival and pro-death proteins in the
presence and absence of TNF. By definition, these criteria mean, that my
confidence that those hits were significantly different from the rest of the
distribution was 95% [531]. Preliminary evaluation of the screen data showed that
the scoring criteria correctly identified the established modifiers of TNF-induced
death caspase-8, NEMO, TAB2, MEKK2, and JNK1 in the respective intervals. In
addition, | identified a number of novel modifiers of TNF-induced death (figure
4.7. to 4.9.). These lists of candidate pro-survival and pro-death proteins should
be interpreted with care as two types of dangers are associated with numerical
thresholds setting in high-throughput screens [520]. A high threshold increases
the risk of false-negatives and the attendant possibility of excluding valid
modifiers of TNF responses from secondary evaluation [520]. Likewise, a low
threshold increases the risk of false-positives and may result in the labour-

intensive evaluation of irrelevant gene products [520].

A number of experimental factors such as experimental variability, screen bias,
and off-target effects (OTES) lead to the erroneous identification of false-positives
[520, 524]. To mitigate against potential OTESs, | screened each gene product
with three non-overlapping siRNAs [490]. As | determined Cls for the median
viability value or death index of each gene product, | ensured that a minimum of
two of the three viability values or death indices fell within the respective CI. This
course of action increased my confidence that the proteins were classified
according to their true phenotype.

As selected hits can be evaluated in secondary assays for false positives, |
consider the inclusion of false-positives less harmful than the exclusion of false-
negatives. However, the evaluation of many hits is a costly and labour-intensive
procedure. Typically, secondary assays are designed to confirm target depletion
with several non-overlapping siRNAs and to validate the phenotype in the primary
assay and in more specific secondary assays [433, 490]. Secondary assays may
include the expression and phenotypic evaluation of wild type, constitutively

active or dominant negative variants of the candidate gene [433].
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Any gene that does not appear in the 95% confidence list of general or TNF-
specific pro-survival or pro-death proteins may be a true negative or a false-
negative [520]. A lack of screen sensitivity and variability in the depletion
efficiency of different SIRNA duplexes are major sources of false-negatives in
siRNA-based screens [524]. Residual target protein may obscure a depletion
phenotype, or generate a weak phenotype that is excluded under stringent hit
selection criteria [524]. False-negatives are a cause for concern, as the exclusion
of false negatives from primary data prevents the identification and
characterization of potentially interesting gene products in secondary assays
[524].

To increase the likelihood of siRNA phenotypes, | used multiple siRNAs to
target one protein. However, in the future | recommend researchers to perform
screens with a pool of individual siRNAs to increase the phenotypic impact of the
siRNAs. Upon completion of this project, we found that the siRNA phenotype of a
pool of 3 individual SIRNAs had greater phenotypic penetrance than the individual
siRNAs [523]. The enhanced efficiency of knock-down phenotypes attributed to
pools of siRNAs is consistent with the efficient knock-down phenotypes typically
observed in invertebrate SiRNA screens. Invertebrate cells tolerate and introduce
long double stranded RNAs into the RNAI pathway [414, 437]. Invertebrate dicer
cleaves the long double stranded RNAs to generate a pool of twenty one to
twenty three nucleotide siRNAs [412-414]. Our survey of pooled and single
SiRNA duplexes suggests that a combination of independent siRNA duplexes is
more likely to deplete a target tanscript than a single siRNA, even if their
individual concentrations constitute a fraction of the constant total SiRNA
concentration [523]. In addition, the reduced concentrations of individual siRNAs
duplexes in vertebrate siRNA pools and invertebrate long double stranded RNAs

minimize OTEs.

In some cases, functional redundancy of the target gene product prevents the
manifestation of depletion phenotypes [524]. For example, depletion of a
component of the TNF pathway will not result in a detectable phenotype if an

ancillary protein functionally substitutes for the target.
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This issue is particularly germane to the relatively complex human genome
where gene duplication events resulted in distinct isoforms for numerous genes.
For example, recent studies suggest that the human genome encodes
approximately three isoforms per gene [532]. The lack of phenotypes for
functionally redundant genes is a disadvantage for the identification of all
elements of a specific pathway. If one of the redundant elements is established,
siRNA screens for modifiers of its depletion phenotype may identify additional

redundant elements [533].

Finally, | want to note that the rank order of hits in the lists of candidate pro-
survival and pro-death proteins is not a rank order of importance in the pathway.

Rank order is influenced by siRNA penetrance and functional redundancy.

6.2.2. Quality of the screen.

Duplicate measurements of each siRNA in the screen demonstrate that
majority of the siRNA phenotypes were reproducible in replicate assays (figure
4.3.). Therefore, | am confident in the primary phenotype that was attributed to
the individual siRNAs. However, as elaborated in the previous chapter this
phenotype is the result of a complex set of factors including target and off-target

effects, phenotypic penetrance and functional redundancy [524].

The negative non-silencing control as well as the positive controls caspase-8
and NEMO in this screen had distinct phenotypes in the 95% Cls throughout
(figure 4.4. and 4.2.), which indicates that the screen reliably discriminated
between pro-survival and pro-death phenotypes, and control siRNAs were
reliable measures of phenotypic penetrance for experimental duplexes. The
skewed distribution of phenotypes in the primary assay leads to an apparent
unequal variability in the phenotypes observed for the positive controls. For
example, viability values for cells treated with caspase-8 siRNA, TNF and CHX
and death indices for cells treated with NEMO siRNAs appear more variable than
the ones of the corresponding cells treated with NEMO or caspase-8 siRNA,
respectively. In reality, the viability values and the death indices varied by a

magnitude of two and three-fold for both control siRNAs, respectively.

179



A comparison of anticipated hits with actual hits gives an approximate sense of
the extent to which false negatives impair interpretation of the primary screen
data. In my case, | reliably identified core TNF pathway members such as
caspase-8, NEMO, TAB2, MEKK2, and JNK1 as critical modifiers of cellular
responses to TNF. In fact, the mean death index for the NEMO control siRNA
was almost identical to the death index attributed to the corresponding siRNA in
the screen. My screen also correctly ranked proteins that are not part of TNF-
signaling. For example, IKK-a is not required for canonical NF-kB signaling [463].
The screen assigned the three IKK-a siRNA duplexes neutral phenotypes (death
indices: 1.00, 1.03, 1.08).

As a caveat, | note that my screen did not saturate the entire TNF pathway.
For example, our primary data did not implicate IKK-B, TAK1, ASK1, MKK4 and
MKK?7 as essential modifiers of the TNF pathway [52]. TAK1, ASK1, MKK4 and
MKK7 belong to the group of redundant proteins in the TNF pathway. For
example, TAK1 is redundant with MEKK2 and MEKKS3 to activate NF-kB [92, 101,
103, 463](figure 1.10.). ASK1 is redundant with the MAP3Ks TAK1 and MEKKS3
to activate pro-apoptotic JNK signaling [120], and MKK4 and MKK7 are
redundant MAP2Ks for JNK [120]. Most likely, the functional redundancy is the
reason why those proteins are not classified as high-confidence modifiers of TNF-
induced death [524]. Despite redundancy, these proteins appear with the
anticipated phenotypes in lower Cls. For example, | identified TAK1 and MEKKS3
as 40%, and 30% CI pro-survival proteins, respectively. ASK1, MKK4, and MKK7

were all classified as 70% CI pro-death proteins.

IKK-B is a non-redundant activator of canonical NF-kB [99, 463] signaling that |
identified as a 40% CI pro-survival protein with death indices of 1.13, 1.22, and
1.96. As stated earlier, CI classification is based on the condition that at least two
siRNAs belong to the respective Cl. One of the IKK-B siRNA duplexes qualifies
for the 95% CI. | speculate that the other two siRNAs result in a milder phenotype

because they only partially deplete IKK-B protein [524].
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These examples illustrate that my screen did not saturate the TNF pathway
because many of those pathway components are functionally redundant. A few
non-redundant modifiers fell below the detection criteria most likely due to non-
penetrant sSiRNA phenotypes. However, the siRNA phenotypes of the majority of
established pathway components were in agreement with their established role.
Therefore, | believe that some novel modifiers of TNF-induced death can be
found below the 95% confidence interval for pro-survival and pro-death proteins.
Some of those modifiers could be identified through the use of bioinformatics
tools. For example, in combination with existing knowledge bases, several of
those tools identify interaction networks for a large fraction of the human
proteome [534, 535]. Established components of the screened pathway and the
identified novel modifiers could be used to construct such an interaction network
and then be compared to the list of proteins classified as non-modifiers. Other
bioinformatics tools use the information of the entire screen to identify pathways
that were significantly modified [536]. Components of those pathways may be
unidentified hits. In addition, searches for protein interaction motifs or functional

domains may help identify false-negatives [537, 538].

The apparent pro-death phenotype attributed to RIPK1 (80% CI pro-death,
death indices: 0.63, 0.78, 1.17) is counter-intuitive given the established
involvement of RIPK1 in TNF-induced NF-kB signaling [539-541]. As two out of
three siRNAs support the pro-death phenotype, | would consider it a candidate
pro-death gene product based on the stringency conditions | used in the
evaluation of the primary screen data. Recent studies established that caspase-8
generates a RIPK1 cleavage product at the TNF-receptosome that actively
promotes complex Il assembly and apoptosis [542]. Furthermore, RIPK1
mediates TNF-induced necrosis in conjunction with RIPK3 that | identified as a
60% CI pro-death protein in the primary screen [543-545]. These reports support
requirements for RIPK1 in the induction of cell death by TNF and are consistent
with the phenotypes observed for RIPK1 duplexes in this thesis. However, only a
clear validation in secondary assays can give certainty about this result and rule

out possible OTEs.
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6.2. Characterization of HK1 as an anti-apoptotic protein.

| was particularly intrigued by the identification of HK1 as a pro-survival gene
product. Of nine hundred eighty six gene products tested, HK1 had the greatest
pro-survival phenotype. HK1 fell into the 99% CI of pro-survival gene products
with death indices of 3.18, 3.36, and 1.64, respectively (figure 4.12.) In
secondary evaluations of the three original siRNAs and four independent HK1
siRNAs, | observed identical results for six of the seven siRNAs (figure 5.1.). |
confirmed that the three HK1 siRNAs (#1 to #3) used in the screen depleted HK1
from HeLa cells. All siRNAs efficiently reduced HK1 mRNA (figure 5.2.B) and
protein levels (figure 5.2.A). Furthermore, HK1 siRNA#1 and sSiRNA#2
specifically depleted HK1 and not HK2 (figure 5.2.C,D). These results rule out
the primary screen phenotype as an OTE and indicate that HK1 is a potent
inhibitor of TNF-induced cell death.

HKs are well known for their metabolic role in the phosphorylation of glucose
[293]. HK1 predominantly channels glucose into the catabolic pathway of
glycolysis, followed by the tricarboxylic acid cycle and oxidative phosphorylation
to generate the energy equivalent ATP [293]. HK1 interacts with the OMM in a
dynamic manner [307]. Mitochondrial HK1 couples the rate of glycolysis with the
rate of phosphorylative oxidation as it uses mitochondrial ATP to generate
glucose 6-phosphate [293]. Recent reports ascribed anti-apoptotic roles to
mitochondrial HKs in response to growth factor signaling [340-342, 357, 368-
370]. These data suggest that growth factors promote the interaction of HKs with
mitochondria through mostly unknown mechanisms [360, 386, 388] that ultimately
block apoptosis upstream of cytochrome c release [367]. The anti-apoptotic role
attributed to HK1 in growth factor signaling is consistent with the pro-survival role
| observed for HK1 in TNF-signaling. Thus, | hypothesized that HK1 acts at the
OMM to attenuate TNF-dependent cell death.

In the present study, | demonstrated that HK1 has an anti-apoptotic role in
TNF-induced apoptosis. | found that HK1 attached to the OMM to stabilize
mitochondrial integrity and the IMM potential. | showed that HK1 exerts anti-
apoptotic effects at the mitochondria through the antagonism of pro-apoptotic Bcl-

2 effector proteins.
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6.2.1. HK1 has an anti-apoptotic role in TNF signaling.

| showed that the depletion of HK1 accelerated TNF-induced death. |
demonstrated that depletion of HK1 with six out of seven independent siRNAs
decreased TNF-dependent viability of HeLa cells in a resazurin assay. Next, |
showed that depletion of HK1 with a validated HK1 siRNA accelerated TNF-
dependent induction of several hallmarks of apoptosis. Specifically, loss of HK1
accelerated complex Il formation and caspase-8 processing at complex Il (figure
5.7.), the translocalization of Bax from the cytoplasm to the mitochondria (figure
5.16.A) and Bax oligomerization at the mitochondria (figure 5.16.B,C),
cytochrome c release from the mitochondria (figure 5.16.A), the decrease of the
IMM potential (figure 5.6.), processing of caspase-9 (figure 5.5.B) and caspase-
3 (figure 5.5.B), as well as the caspase substrate PARP1 (figure 5.5.A). In a
complementary experiment, | showed that overexpression of HK1 attenuated
TNF-induced loss of the IMM potential (figure 5.6.).

In short, the most parsimonious interpretation of the loss-of-function and
overexpression data is that HK1 is a negative regulator of TNF-induced

apoptosis.
6.2.2. HK1 is a general anti-apoptotic protein.

| believe that HK1 is a general modifier of TNF-induced death, as | detected
similar apoptotic phenotypes of HK1 depletion in the U20S osteosarcoma cell
line and the A549 lung carcinoma cell line. In all three cell lines, loss of HK1 led
to accelerated TNF-induced death (figure 5.8.A) and processing of caspase
substrate PARP (figure 5.8.B,C).

I do not believe that interactions between HK1 and the apoptotic machinery
are restricted to TNF responses, as | noticed similar pro-death phenotypes upon
additional extrinsic apoptotic signals such as Fas cross-linking antibody or soluble
TRAIL (figure 5.8.D,E).
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6.2.3. HK1 attenuates TNF-induced apoptosis at the mitochondria.

| then sought to identify the interaction point between HK1 and the TNF
pathway.

| considered several possibilities for these experiments: a negative regulatory
interaction of HK1 with the anti-apoptotic NF-kB module or a positive regulatory
interaction with the pro-apoptotic caspase module. My secondary analyses
demonstrated that NF-kB signaling was not attenuated by loss of HK1 (figure
5.3.). Instead, | showed that loss of HK1 accelerated TNF-induced pro-apoptotic
caspase signaling (figure 5.4. to 5.8., 5.16.). Extrinsic apoptotic signals, like TNF,
drive caspase-8 mediated activation of effector caspases [38, 43, 47, 506]. In
type Il cells, caspase-8 signals to the mitochondria to induce caspase-9
dependent activation of effector caspases [162-164]. The pro-apoptotic feedback
signaling loop that connects activated effector caspases and the initiator caspase
caspase-8 [195, 196] complicated the identification of the exact point at which

HK1 influences extrinsic apoptotic cues.

As HK1 has a predominantly mitochondrial localization (figure 5.9.) and TNF-
induced apoptosis signaling in type Il HelLa cells inevitably engages the
mitochondria [162-164], | hypothesized that HK1 impedes TNF-induced apoptosis

at the mitochondria.

To examine mitochondrial requirements for HK1 in the control of apoptosis, |
treated cells with clotrimazole (CTZ), an antifungal agent that displaces HK1 and
HK2 from the outer mitochondrial membrane [340-342, 510]. CTZ induced the
relocalization of HK1 to the cytoplasm (figure 5.12.A) and generated the same
pro-apoptotic phenotype as siRNA-mediated HK1 depletion. Specifically,
incubation of cells with CTZ and a standard TNF and CHX regime accelerated
the decrease of the IMM potential (figure 5.13.A) and processing of caspase-9
and PARP (figure 5.13.B) compared to treatment with TNF and CHX alone.

These data support an anti-apoptotic function of HK1 at the mitochondria.
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Treatment of cells with CTZ simultaneously detached HK1 and HK2 from the
mitochondria (figure 5.12.A), which raises the question whether the phenotype
resulted from detachment of HK1, HK2, or both. Furthermore, three previous
studies established a pro-apoptotic function for a peptide with sequence identity
to the amino-terminus of HK2 that displaces HK2 from mitochondria. The HK2
amino-terminal peptide led to the release of mitochondrial cytochrome c,
decreased the IMM potential, induced nuclear fragmentation [340-342] and
accelerated apoptosis induced by Bax-dependent indomethacin [340], or a

combination of growth factor withdrawal and sublethal UV irradiation [341].

It was not examined whether the HK2-specific peptide has any effect on the
localization of HK1. According to Kurokawa et al. HK1 and HK2 compete for
binding to the mitochondria and therefore likely bind the same site on the OMM
[339]. Thus, there is no a priori reason to assume that the HK2 amino-terminal
peptide does not simultaneously displace HK1 and HK2 from the mitochondrial
OMM. The data in this thesis and overexpression data for HK2 (figure A3.1.)
[340, 370] suggest that HK1 and HK2 both have anti-apoptotic functions at the
mitochondria. In the primary siRNA screen HK1 exerted greater anti-apoptotic
effects than HK2 in HelLa cells. An unbiased evaluation of screen data positioned
HK2 in the 10% CI of pro-survival proteins with death indices of 1.00, 1.01, and
1.87. The death index of 1.87 landed within the 95% CI. It is possible that the
other siRNA duplexes generated false-negative phenotypes due to impaired
depletion of HK2 transcript or protein. Additional experiments with validated HK2
siRNAs that do not alter HK1 protein levels are required to test this hypothesis.

To distinguish the roles of HK1 and HK2 in the regulation of apoptosis, |
generated a synthetic cell-permeable peptide that mimics the amino-terminus of
HK1. The peptide was a fusion of the first sixteen amino acids of HK1 and the
cell-penetrating sequence of the HIV-1 transactivator of transcription (TAT)
(figure A3.2.A). The amino-terminus of the peptide was acetylated to match HK1
sequencing studies by Bienvenut et al. [546] However, the synthetic peptide was
toxic at high doses (figure A3.2.C) and failed to induce a mitochondrial
displacement of HK1 (or HK2) at low doses (figure A3.2.B).
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| also attempted to examine the role of mitochondrial HK1 by expressing a
HK1 that lacked the amino-terminal twenty one amino acids (HK1A21). In this
assay, | wanted to test if the expression of cytosolic HK1A21 in HelLa cells
attenuates TNF-induced apoptosis. However, cellular fractionation assays
demonstrated that a portion of HK1A21 localized to mitochondria (figure A3.2.D.)
and undermined the purpose of the assay. | believe that heterotetramerization of
endogenous HK1 and HK1A21 may have caused the mitochondrial localization of
HK1A21.

6.2.4. Attachment of HK1 to the mitochondria attenuates TNF-induced

apoptosis.

The parallels between the pro-apoptotic depletion phenotype of HK1 (figure
5.4 to 5.8, 5.16) and the pro-apoptotic phenotype of mitochondrial HK
detachment with CTZ (figure 5.13.) suggest that HK1 blocks apoptosis at the
mitochondrion. However, the non-specific nature of CTZ prevents unambiguous
interpretation of mitochondrial requirements for HK1 in the control of apoptosis.
As both conditions depleted mitochondrial stores of HK1 (figure 5.10., 5.12.A)
and led to an accelerated induction of apoptosis, | consider it very likely that the
depletion of mitochondrial HK1 accelerates the induction of apoptosis by TNF.
This hypothesis is supported by prior observations that growth factors induce

mitochondrial attachment of HKs to block apoptosis [341].

6.2.5. A catalytically inactive HK1 attenuates TNF-induced death.

Glucose and HK1 activity are required for the anti-apoptotic effects of growth
factors [357, 368-370]. However, it has not been tested whether a catalytically

inactive HK1 has anti-apoptotic activity [295].

To address this question, | generated an expression construct for catalytically
inactive HK1. The location of the active center has not been reported for human
HK1. | used sequence alignment between rat HK1, human HK2, and human HK1
to determine that the active center of human HK1 contains the essential and
conserved serine 603 (figure 5.6.B) [501, 547]. To create an inactive HK1 |
replaced serine 603 with alanine. The same mutation reduced the activity of
human HK2 to 6% of the wild type HK2 [298, 501]. However, | note that future

studies are required to confirm the reduced catalytic activity of HK1S603A.
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Overexpression of HK1 or HK1S603A attenuated the TNF and CHX-responsive
decrease of the IMM potential in equal measures. This experiment demonstrates

that the anti-apoptotic and metabolic roles of HK1 are molecularly distinct.

6.2.6. Metabolic and anti-apoptotic functions of HK1 are distinct.

Loss of HK1 induced a low level of Bax activation (figure 5.16.), caspase-9
and PARP cleavage (figure 5.5.), and mildly decreased general cell viability
(figure 5.1.). In addition, loss of HK1 accelerated the rate of TNF-induced
apoptosis (figure 5.4 to 5.8, 5.16). | believe that these observations are
manifestations of the anti-apoptotic activity of HK1 at the mitochondrion, and not

the result of the loss of HK1 metabolic activity.

As stated in the previous chapter, wild-type HK1 and catalytically inactive
HK1S603A equally protect against TNF-induced apoptosis (figure 5.6.B). These
finding show that there is a distinction between the metabolic and the anti-

apoptotic function of HK1.

In addition, a CTZ-mediated relocalization of HK1 from the mitochondria to the
cytoplasm has an overlapping pro-apoptotic phenotype with the siRNA-mediated
depletion of HK1 (figure 5.13.). Unlike HK1 siRNA, CTZ does not alter the
cellular HK1 levels or the metabolic capacity of the cell. These findings are
another indication that the anti-apoptotic activity and the metabolic activity of HK1

are separate functions.

I have also demonstrated that HK1 affects cell death through the apoptotic
caspase cascade. The pro-death phenotype of HK1 depletion in the presence of
TNF and CHX was completely reverted by the parallel depletion of caspase-8.
The pro-death phenotype of HK1 depletion in the absence of TNF and CHX was
inhibited by the absence Bak and Bax and the overexpression of Bcl-2. These
findings suggest that loss of HK1 has a very specific activating effect on the pro-
apoptotic caspase cascade. Therefore, | do not believe that the decreased
viability observed upon HK1 loss is the result of a general metabolic weakness.

6.2.7. HK1 stabilizes mitochondrial integrity and the IMM potential.

Depletion of HK1 with siRNAs and detachment of mitochondrial HKs with CTZ
led to a significant decrease of the IMM potential (figure 5.11.A,B and 5.12.B).
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HK1 siRNA decreased the IMM potential in a manner that paralleled the drop of
HK1 protein levels 2 days after siRNA transfection (figure 5.11.). The decrease
of the IMM potential occurred consistently in about 10% to 20% of cells.
Treatment with CTZ led to a rapid decrease of the IMM potential in a
concentration dependent manner (figure 5.12.B). Concentrations of more than
40 pM decreased the IMM potential in nearly all cells. Importantly, loss of HK1
facilitated the decrease of the IMM potential by CTZ (figure 5.12.C,D). This
implies that the drop in mitochondrial HK1 facilitates the CTZ-responsive
decrease of the IMM potential. From these data, | conclude that detachment of
HK1 from the mitochondria decreases the IMM potential. A mitochondrial
detachment of HK2 likely decreases the IMM potential as well, which | believe is
the reason why CTZ decreases the IMM potential more potently than HK1 siRNA

alone.

Detachment of mitochondrial HKs by CTZ resulted in a loss of mitochondrial
cytochrome c (figure 5.12.A), which | did not observe when | depleted HK1 only
(figure 5.10.). The apparent inability of HK1 siRNA to induce loss of
mitochondrial reserves of cytochrome ¢ may be due to the compensatory action
of HK2.

6.2.8. HK1 stabilizes the IMM potential against Bcl-2 effector proteins.

The IMM potential dissipates when OMM integrity is compromised during
apoptosis [171]. The decrease in the IMM potential is partially caused by the loss
of cytochrome ¢ from IMS and ICS with significant contributions from effector
caspases [171]. Effector caspases reach the IMM through the compromised
OMM and proteolytically destroy complexes of the respiratory chain in the IMM
[171]. Disruptions to the respiratory chain dissipate the IMM potential [171].

| showed that the detachment of mitochondrial HKs with CTZ compromises
OMM integrity and leads to the release of cytochrome c (figure 5.12.A). The
release of cytochrome c¢ requires a considerable reorganization of the
mitochondria and includes remodeling of the IMM and opening of cristae
junctions [170, 171, 548, 549]. As depletion of HK1 decreases the IMM potential
to a minor extent, | believe that loss of HK1 induces a decrease in OMM integrity
that does not result in detectable release of cytochrome c.
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The release of cytochrome c is a typical feature of mitochondrially induced
apoptosis [170, 171, 550]. Thus, | asked whether the loss of mitochondrial HKs
led to the formation of pro-apoptotic channels in the OMM that are regulated by

Bcl-2 proteins.

| showed that overexpression of the anti-apoptotic protein Bcl-2 or absence of
the Bcl-2 effector proteins Bak and Bax blocked HK1 siRNA-mediated decrease
of the IMM potential (figure 5.14.B and 5.15.C). The former experiment was
performed in HelLa cells and the latter one in Bak and Bax DKO MEFs that
reproduced the decrease of the IMM potential after HK1 depletion with a mouse-
specific HK1 siRNA (figure 5.15.C).

These findings suggest that HK1 depletion leads to a decrease of the IMM
potential through the formation of Bak and Bax channels in the OMM. In line with
that hypothesis | found that HK1 siRNA caused an increase of mitochondrial Bax
(figure 5.16.A), a weak increase in Bax oligomerization in the absence of TNF
and CHX (figure 5.16.B,C), and a pronounced acceleration of Bax

oligomerization in cells that were incubated with TNF and CHX (figure 5.16.A).

A maodification of Bax activation by mitochondrial HKs has been described
elsewhere. Pastorino et al. demonstrated that displacement of HK2 from
mitochondria with CTZ or a specific HK2 peptide allowed Bax binding,
cytochrome c release and apoptosis [340]. Ectopic expression of HK2 had the
opposite effect [340]. In other studies, the ectopic expression of HK1 or the
amino-terminal hemidomain of HK2 attenuated the exposure of the Bax amino-
terminus, while the decrease of mitochondrial HK activity under glucose

deprivation led to increased Bax oligomerization at the mitochondria [368, 370].

6.2.9. Model.

In summary, | propose the following model (figure 6.1.): mitochondrial HK1
antagonizes the activation and oligomerization of the Bcl-2 effector protein Bax
and possibly Bak and stabilizes OMM integrity and IMM potential. Loss of
mitochondrial HK1 through siRNA or CTZ leads to the activation of Bax and
possibly Bak, which results in the decrease of OMM integrity and IMM potential.
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The engagement of death receptors in the absence of HK1 potentiates the
activation of Bax and Bak and thereby accelerates the decrease of OMM
integrity, the dissipation of the IMM potential, and the rate of pro-apoptotic

caspase signaling.

6.2.10. Future perspectives.

An understanding of the regulatory mechanisms that affect HK1 subcellular
localization and the consequences of HK1 localization for apoptosis and

metabolism will allow us to modify those mechanisms to our advantage.

Therefore, | see great interest in future studies that address the specific
mechanisms of the anti-apoptotic role of HK1 at the mitochondria. In particular,
studies that address the relationships between the mitochondrial localization of
HK1 and the stability of the IMM potential may clarify the manner by which HK1
attenuates the induction of apoptosis. My study focused on the interaction of HK1
with Bcl-2 proteins. However, there are indications that other factors, such as the
OMM channel VDAC and the IMM channel ANT may be involved in the cross-
membrane talk from HK1 [295].
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Identification of the regulatory mechanisms that determine the cellular
localization of HK1 are also interesting subjects to study. Growth factor signals
promote the mitochondrial localization of HK1, even though the exact
mechanisms are mostly unknown. This study reveals HK1 as an important anti-
apoptotic factor at the mitochondria. It would be interesting to examine whether
apoptotic signals in type Il cells are required to regulate the subcellular
localization of HK1 to successfully induce apoptosis and whether such a

regulatory mechanism may depend on cross-talk with growth factor signaling.

6.3. Significance.

In the present study | developed and executed the first systematic siRNA
screen for modifiers of TNF-induced death. | screened nine hundred eighty six
human kinases, phosphatases and associated proteins and identified key
signaling elements and novel non-redundant candidate modifiers of TNF-induced
death. These data are a valuable source for TNF and apoptosis researchers and
represent potential pharmacological targets for inflammatory and cancerous
diseases with imbalances in cell viability. HK1 had the greatest pro-survival
phenotype in TNF-induced death signaling. The four human HKs are known for
their essential metabolic function in glycolysis, gluconeogenesis and the pentose
phosphate pathway [293]. However, in recent years it has been shown that the
mitochondrial HKs, HK1 and HK2, also transduce anti-apoptotic signals from
growth factors [340-342, 357, 368-370]. An anti-apoptotic role for HK1 has only
been demonstrated in overexpression studies and with intrinsic apoptotic stimuli
[357, 368, 369]. | performed the first HK1 depletion study that examined the anti-
apoptotic role of HK1 in the context of death receptor signaling. | showed that the
anti-apoptotic mechanism of HK1 in death receptor signaling is similar to the one
in growth factor signaling. Interaction of HK1 with the mitochondria antagonizes
TNF-induced mitochondrial apoptotic signals in type Il cells. However, contrary to
the anti-apoptotic role in growth factor signaling, HK1 did not require catalytic
activity to attenuate TNF-induced death. HK1 attaches to the OMM to stabilize
mitochondrial integrity and the IMM potential. One of the mechanisms of HK1 to
stabilize the IMM potential is the antagonism of pro-apoptotic Bcl-2 effector
proteins. Reagents that modify the interaction of HK1 with the mitochondria would

be valid candidate drugs to promote or restrict cell viability, respectively.
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CLUSTAL 2.1 multiple sequence alignment
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sp | P52790 | HXK3_HUMAN LISWITKGFRCSGVEGQDVVOLLRDAIRRQGAYNIDVVAVVNDTVGTMMGCEPGVRECEVG 240
sp| P35557 | HXK4_HUMAN -— -— -—
sp| P19367 | HXK1_HUMAN LIIGTGINACYMEELRHIDLVEGDEGRMCINTEWGAFGDDGSLEDIRTEFDREIDRGSLN 287
sSp| P52789 | HXK2_HUMAN LIVGTGSNACYMEEMRHIDMVEGDEGRMCINMEWGAFGDDGSLNDIRTEFDQEIDMGSLN 287
sp | 52790 | HXK3_HUMAN LVVDTGTNACYMEEARHVAVLDEDRGRVCYSVEWGSFSDDGALGPVLTTFDHTLDHESLN 300
SpIP35557 |HXK4_HUMAN = e e
Sp| P19367 | HXK1_HUMAN PGKQLFEKMVSGMYLGELVRLILVKMAKEGLLFEGRITPELLTRGKFNTSDVSATEKNKE 347
sp| P52789 | HXK2_ HUMAN PGKQLFEKMI SGMYMGELVRLI LVKMAKEELLFGGKLSPELLNTGRFETKDISDIEGEKD 347
sp | P52790 | HXK3_HUMAN PGAQRFEKMIGGLYLGELVRLVLAHLARCGVLFGGCTSPALLSQGSILLEHVAEMEDPST 360
sp|P35557 | HKXK4_HOMAN &=~ @ 06— ——————
sp|P19367 | HRK1_HUMAN GLHNAKEILTRLGVEPSDDDCVSVRHVCTIVSFRSANLVAATLGAILNRLRDNKGTPRLE 407
sp| P52789 | HXK2_HUMAN GIRKAREVIMRLGLDPTQEDCVATHRICQIVSTRSASLCAATLAAVLQRIKENKGEERLE 407
sp| P52790 | HXK3_HUMAN GAARVHAILQDLGLSPGASDVELVQHVCAAVCTRAAQLCAAALAAVLSCLQHSREQRTLY 420
sp|P35557 | HXK4_HUMAN &~ @ ———
sp|P19367 | HXK1_HUMAN TTVGVDGESLYKTHPQYSERFEKTLRRLVPDSDVRFLLSESGSGKGARMVTAVAYRLAEQH 467
sp | P52789 | HXK2_HUMAN STIGVDGSVYKKHPHFAKRLHKTVRRLVPGCDVRFLRSEDGSGKGARMVTAVAYRLADQH 467
sp | PS2790 | HXK3_HUMAN VAVATGGRVCERHPRFCSVLQGTVMLLAPECDVSLI PSVDGGGRGVAMVTAVARRLAAHR 480
sp|P35557 | HXK4_HUMAN =~ — - MLDDRARMEAAKK 13
s A
sp|P19367 | HXK1_HUMAN RQIEETLAHFHLTKDMLLEVKKRMRAEMELGLRKQTHNNAVVKMLESFVRRTEDGTENGD 527
sp|P52789 | HXK2_HUMAN RARQKTLEHLQLSHDQLLEVKRRMKVEMERGLSKETHASAPVKMLPTYVCATEDGTEKGD 527
sp | PS2790 | HXK3_HUMAN RLLEETLAPFRLNHDQLARVQAQMRKAMAKGLRGEASS———LRMLPTFVRATPDGSERGD 537
sp | P35557 | HXK4_HUMAN E_KV'EQILAErmgunmmmmmgsmrumsvmprmsrpec;sr:vc;n 73
=ik skwE k. Aeakak W
sp|P19367 | HXK1_HUMAN FLALDLGGTNFRVLLVKIRSGKKR-—TVEMHNKI YAIPIEIMQGTGEELFDHIVSCISDF 585
sp | PS2789 | HXK2_HUMAN FLALDLGGTNFRVLLVRVRNGKWG-—GVEMHNKI YAT PQEVMHGTGDELFDHIVQCIADF 585
sp | PS2790 | HXK3_HUMAN FLALDLGGTNFRVLLVRVITG—————— VQITSEIYSIPETVAQGSGQRLFDHIVDCIVDE 591
sp | P35557 | HXK4_HUMAN FLSLDLGGTNFRVMLYKVGEGEEGQWSVKTKHQMY SIPEDAMIGTAEMLFDYISECISDF 133
dew sk de ke = ok - - : sk Rk e |3 e e de v g oW e
sp|P19367 | HXK1_HUMAN LDYMGIKGPRMPLGFTFSFPCRRTSLDAGILITWIKGFKATDCVGHDVVTLLRDATKRRE 645
sp | P52789 | HXK2_HUMAN LEYMGMKGVSLPLGFTFSFPCRONSLDESILLKWIKGFKASGCEGEDVVILLKEATHRRE 645
=p | PS2790 | HXK3_HUMAN QQKQRGLSGRSLPLGFTFSFPCROLGLDRGILLNWIKGFKASDCEGQDVVSLLREAITRRYQ 651
sp | P35557 | HXK4_HUMAN LDKHOMEHEKL ELGFTFSFPVRAEDI DRI LLNWI KCFRASCAECHIVVGLLEDATHRRG 193
G S RN T s o (SANE RN S Ry kA
spIP19367 | HXK1_HUMAN EFDLDVVAVVNDTVGTMMTCAYEEFTCEVGLIVGTESNACYMEEMENVEMVEGDQGOMCI 705
sp | P52789 | HXK2_HUMAN EFDLDVVAVVNDTVGTMMTCGFEDPHCEVGLIVGTGSNACYMEEMRNVELVEGEEGRMCY 705
sp | PS2790 | HXK3_HUMAN AVELNVVAIVNDTVGIMMSCGYEDPRCEIGLIVGTGTNACYMEELRNVAGVEGDSGRMCT 711
sp | P35557 | HXK4_HUMAN DFEHBVVBHVNDTVRIHISCYYEDHQCEVGHIVGTGCNRCYHEEKQNVELVEGDEGRHCV'253
: shAkR sk kR kN hkzow - Hhk sk khhkdh Rk Akkk s o kW L I 2 2
sp|P19367 | HXK1_HUMAN NMEWGAFGDNGCLDDIRTHYDRLVDEYSLNAGKQRYEKMI SGMYLGEIVRNILIDFTKKG 765
sp | PS2789 | HXK2 HUMAN NMEWGAFGDNGCLDDFRTEFDVAVDELSLNFGKQRFEKMI SGMYLGEIVRNILIDFTKRG 765
sp | PS2790 | HXK3_HUMAN NMEWGAFGDDGSLAMLSTRFDASVDQASINFGKQRFEKMI SGMYLGEIVRHILLELTSLG 771
=p | P35557 | HXK4_HUMAN NTEWGLFGDSGZLDEFLLEYDRLVDESSI\NPGQQLYEKJ.IGGKYHGELVRLVI.LRLVDEN 313
Rl U e i A P G Wi T T i (e e
sp|P19367 | HXK1_HUMAN FLFRGQRISETLKTRGIFETKFLSQIESDRLALLQVRATLROLGLNSTCDDSILVKIVCGY 825
sp | P52759 | HXK2_HUMAN LLFRGRISERLKTRGIFETKFLSRIESDCLALLQVRAILQHLGLESTCDDSIIVKEVCIV 825
sp | P52790 | HXK3_HUMAN VLFRGRRINRLQTRDIFKTKFLSEIESDSLALRQVRAILEDLGLPLTSDDALMVLEVCQA 831
sp | P35557 | HXK4_HUMAN LLFHGEASEQLRIRGAFEIRFVSQVESDTGDR.FQIYNILSILGLRPSI’IDCDIVRRACES 373
L S L L LA AL AL P L 2 * = Yede | - - 3.
sp|P19367 | HXK1 HUMAN VSRRAAQLCGAGMAAVVDKIRENRGLDRLNVIVGVDGTLYKLHPHFSRIMHQTVKELSPK 885
sp| P52789 | HXK2_ HUMAN VARRAAQLCGAGMAAVVDRIRENRGLDALKVTVGVDGTLYKLHPHFAKVMHETVKDLAPK 885
sp| P52790 | HXK3_HUMAN VSQRARQLCGAGVAAVVEKIRENRGLEELAVSVGVDGTLYKLHPRFSSLVAATVRELAPR 891
sp| P35557 | HKK4_HUMAN VSTEARRMCSAGLAGVINEMRESRSEDVMRITVEVDESVYKLHPSFKERFHASVRRLTPS 433

ap| P19367 | HXK1_HUMAN
sp | P5S2789 | HXK2_HUMAN
sp| PS2790 | HXK3_HUMAN
ap| P35557 | HXK4_HUMAN

W ko aw hwzk ws e W - PR L e s R

CNVSFLLSEDGSGKGAARLITAVGVRLRTIEARSS 917
CDVSFLQSEDGSGKGAARLITAVACRIREAGQR 917
CVVIFLQSEDGSGKGAALVIAVACRLAQLTRV 923
CEITFIESEEGSGRGAALVSAVACKKACMLGY 465

W sahy ks khm kR R :

Figure Al.1l. Sequence alignment of human HKs. ClustalW2 multiple
sequence alignment of human HK1 (sp|P19367|HXK1_HUMAN), HK2
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(sp|P52789|HXK2_HUMAN), HK3 (sp|P52790|HXK4_HUMAN), and HK4
(sp|P35557|HXK4_HUMAN). Hydrophobic amino acids are shown in red, polar
amino acids in green, charged acidic amino acids in blue, charged basic amino
acids in pink. ldentical amino acids are indicated by an asterisk (*), amino acid
conservations between a group with strongly similar properties are indicated by a
colon (), amino acid conservations between a group with weakly similar
properties are indicated by a colon (.).
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APPENDIX 2: DNA SEQUENCE OF THE HK1 EXPRESSION
CONSTRUCT.
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71
141
211
281
351
421
491
561
631
701
771
841
911
981

1051
1121
1191
1261
1331
1401
1471
1541
1611
1681
1751
1821
1891
1961
2031
2101
2171
2241
2311
2381
2451
2521
2591
2661
2731
2801
2871
2941
3011
3081
3151
3221
3291
3361
3431
3501
3571
3641
3711
3781
3851
3921
3991
4061
4131
4201
4271
4341
4411
4481
4551
4621
4691
4761
4831
4901

TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAA
CTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATG
TTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCA
CTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCC
GCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCA
TCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGG
ATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCA
AAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAA
GCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAGATCTCGAGCTCatgatcgec
gcgcagctcctggcectattacttcacggagctgaaggatgaccaggtcaaaaagattgacaagtatctct
atgccatgcggctctccgatgaaactctcatagatatcatgactcgcttcaggaaggagatgaagaatgg
cctctcccgggattttaatccaacagccacagtcaagatgttgccaacattcgtaaggtcecattectgat
ggctctgaaaagggagatttcattgccctggatcttggtgggtcttectttcgaattctgecgggtgcaag
tgaatcatgagaaaaaccagaatgttcacatggagtccgaggtttatgacaccccagagaacatcgtgca
cggcagtggaagccagctttttgatcatgttgctgagtgectgggagatttcatggagaaaaggaagatc
aaggacaagaagttacctgtgggattcacgttttcttttccttgccaacaatccaaaatagatgaggcca
tcctgatcacctggacaaagcgatttaaagcgagcggagtggaaggagcagatgtggtcaaactgecttaa
caaagccatcaaaaagcgaggggactatgatgccaacatcgtagctgtggtgaatgacacagtgggcacc
atgatgacctgtggctatgacgaccagcactgtgaagtcggcctgatcatcggcactggcaccaatgett
gctacatggaggaactgaggcacattgatctggtggaaggagacgaggggaggatgtgtatcaatacaga
atggggagcctttggagacgatggatcattagaagacatccggacagagtttgacagggagatagaccgg
ggatccctcaaccctggaaaacagctgtttgagaagatggtcagtggcatgtacttgggagagetggttc
gactgatcctagtcaagatggccaaggagggcctcttatttgaagggcggatcaccccggagetgetcac
ccgagggaagtttaacaccagtgatgtgtcagccatcgaaaagaataaggaaggcctccacaatgccaaa
gaaatcctgacccgecctgggagtggagecgtecgatgatgactgtgtctcagtccagcacgtttgcacca
ttgtctcatttcgctcagccaacttggtggctgccacactgggegecatcttgaaccgectgegtgataa
caagggcacacccaggctgcggaccacggttggtgtcgacggatctctttacaagacgcacccacagtat
tcccggegtttccacaagactctaaggegettggtgecagactcecgatgtgegettectecteteggaga
gtggcagcggcaagggggctgecatggtgacggecggtggectaccgettggecgagcagcaccggcagat
agaggagaccctggctcatttccacctcaccaaggacatgctgctggaggtgaagaagaggatgcgggec
gagatggagctggggctgaggaagcagacgcacaacaatgccgtggttaagatgctgccctecttegtee
ggagaactcccgacgggaccgagaatggtgacttcttggeccctggatcttggaggaaccaatttecgtgt
gctgctggtgaaaatccgtagtgggaaaaagagaacggtggaaatgcacaacaagatctacgccattect
attgaaatcatgcagggcactggggaagagctgtttgatcacattgtctcctgcatctctgacttcttgg
actacatggggatcaaaggccccaggatgcctctgggcttcacgttctcatttccctgeccagcagacgag
tctggacgcgggaatcttgatcacgtggacaaagggttttaaggcaacagactgcgtgggeccacgatgta
gtcaccttactaagggatgcgataaaaaggagagaggaatttgacctggacgtggtggctgtggtcaacg
acacagtgggcaccatgatgacctgtgcttatgaggagcccacctgtgaggttggactcattgttgggac
cggcagcaatgcctgctacatggaggagatgaagaacgtggagatggtggagggggaccaggggcagatg
tgcatcaacatggagtggggggcctttggggacaacgggtgtctggatgatatcaggacacactacgaca
gactggtggacgaatattccctaaatgctgggaaacaaaggtatgagaagatgatcagtggtatgtacct
gggtgaaatcgtccgcaacatcttaatcgacttcaccaagaagggattcctcttccgagggcagatctct
gagacgctgaagacccggggcatctttgagaccaagtttctctctcagatcgagagtgaccgattagcac
tgctccaggtccgggctatccteccagcagctaggtctgaatagcacctgcgatgacagtatcctegtcaa
gacagtgtgcggggtggtgtccaggagggccgcacagetgtgtggcgecaggcatggetgeggttgtggat
aagatccgcgagaacagaggactggaccgtctgaatgtgactgtgggagtggacgggacactctacaage
ttcatccacacttctccagaatcatgcaccagacggtgaaggaactgtcaccaaaatgtaacgtgtcctt
cctcctgtctgaggatggcagcggcaagggggecgecctcatcacggecgtgggegtgeggttacgeaca
gaggcaagcagcCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGG
GCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTT
CAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACC
GGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCT
ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCAC
CATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTG
AACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACA
ACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGAT
CCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGAC
GGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGA
AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA
CAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAA
AAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTAT
TGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTG
CATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCGTAAATTGTAAGCGTTAATATTTTG
TTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCC
CTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCCACTATT
AAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCA
TCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCC
GATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGG
CGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCG
CTACAGGGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAA
TACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAA
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4971
5041
5111
5181
5251
5321
5391
5461
5531
5601
5671
5741
5811
5881
5951
6021
6091
6161
6231
6301
6371
6441
6511
6581
6651
6721
6791
6861
6931
7001
7071
7141
7211
7281
7351
7421

GAGTCCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCC
CAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTC
CCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCG
CCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTT
ATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCT
AGGCTTTTGCAAAGATCGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCA
CGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGC
TCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCG
GTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGC
AGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGAT
CTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATA
CGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGAT
GGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTC
GCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGA
ATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTA
TCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTC
GTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCT
GAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCAACCTGCCATCACGAGATTTCGATTCC
ACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGC
GCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCTAGGGGGAGGCTAACTGAAACACGGAAGGAGACAAT
ACCGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGTGTTGGGTCGTTTGTT
CATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGAGACCCCATTGGGGCCAAT
ACGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGCAGCCAA
CGTCGGGGCGGCAGGCCCTGCCATAGCCTCAGGTTACTCATATATACTTTAGATTGATTTAAAACTTCAT
TTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGT
TTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCG
CGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTA
CCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGC
CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACC
AGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAG
GCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAAC
TGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCC
GGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTAT
AGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCC
TATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTT
CTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCATGCAT

Figure A2.1. DNA sequence of the HK1 expression construct. The pEGFP-
N1 expression vector is shown in upper case letters, the insert of HK1 variant 1 in
lower case letters, and restriction sites are underlined. Expressed nucleotides
inclusive green GFP-encoding nucleotides are shown in bold.
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APPENDIX 3. HEAT MAP REPRESENTATION OF KINASE
AND PHOSPHATASE PLATES IN THE siRNA SCREEN.
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B phosphatases: TNF+CHX
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Figure A3.1. Heat map representation of all normalized phosphatase plates.
A: Combination of bubble diagram and heat map to illustrate the spatial
distribution of the normalized basal fluorescence/viability values on screened 96-
well plates after transfection with siRNAs from the phosphatase library. The four
plate sets (plate 1 to 4) of the phosphatase siRNA library with three individual
siRNAs for the same gene (SiRNAL, 2 and 3) in identical positions were screened
in duplicate (replicates R1 and R2). The size of the well decreases with the
viability of the cells in the well as indicated on the scale. Viability values in a
defined range around the viability of control cells incubated with non-silencing
control siRNAs are shown in black. Viability values above that range are
presented in tones of red, and viability values below that range are presented in
tones of green as indicated on the scale. B: As panel A, but normalized
fluorescencelviability values of screened ninety six-well plates are presented after
incubation with siRNAs from the phosphatase library and treatment with TNF and
CHX.
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D kinases: TNF+CHX
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Figure A3.2. Heat map representation of all normalized kinase plates. A, B:
Combination of bubble diagram and heatmap to illustrate the spatial distribution
of the normalized basal fluorescence/viability values on screened ninety six-well
plates after transfection with siRNAs from the kinase library. The nine plate sets
(plate one to nine) of the kinase siRNA library with three individual siRNAs for the
same gene (siRNA1, 2 and 3) in identical positions were screened in duplicate
(replicates R1 and R2). The size of the well decreases with the viability of the
cells in the well as indicated on the scale. Viability values in a defined range
around the viability of control cells incubated with non-silencing control siRNAs
are shown in black. Viability values above that range are presented in tones of
red, and viability values below that range are presented in tones of green as
indicated on the scale. C, D: As panel A and B, but normalized
fluorescencelviability values of screened ninety six-well plates are presented after
incubation with siRNAs from the kinase library and treatment with TNF and CHX.
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APPENDIX 4. DATA TABLE OF THE VIABILITY VALUES
AND DEATH INDICES FOR EACH siRNA IN THE SCREEN.
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Table A4.1. Viability values and death indices of each siRNA in the screen.
The nine hundred eighty six screened genes are presented with NCBI RefSeq
accession number (NCBI RefSeq), gene symbol, three basal relative viability
values, three relative viability values in the presence of TNF and CHX, and three
death indices corresponding to the three screened siRNAs per gene. All genes
are sorted according to the median death index in descending order, and their
respective confidence interval (Cl) for pro-survival and pro-death phenotype in
TNF signaling is indicated. The death index of control cells treated with a non-
silencing control siRNA (1) is indicated with a horizontal black line. Kinases are

shown in black font and phosphatases in blue font.

248



rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
1 NM_033497 HK1 0925 | 0918 | 0973 | 0201 | 0274 | 0595 | 3175 | 3355 | 1.636
2 XM_496170 NUDT7 1113 | 1120 | 1011 | 0521 | 0378 | 0324 | 2136 | 2985 | 3.117
3 NM_145342 MAP3K7IP2 | 00916 | 1.065 | 1.023 | 0310 | 0359 | 0387 | 2953 | 2.963 | 2.642
4 NM_012382 OSRF 0843 | 0750 | 0787 | 0310 | 0297 | 0518 | 2717 | 2523 | 1519
5 NM_002860 ALDH18AL 0581 | 0774 | 0708 | 0249 | 0256 | 0446 | 2333 | 3021 | 1587
6 NM_206876 PPP1CB 0879 | 0915 | 0946 | 0604 | 0339 | 0407 | 1456 | 2.697 | 2.326
7 NM_138793 ENTPD8 0920 | 0947 | 0815 | 0631 | 0420 | 0359 | 1456 | 2209 | 2.268
8 NM_003648 DGKD 1177 | 1118 | 1199 | 0466 | 1.653 | 0559 | 2527 | 0676 | 2.147
. 9 NM_052931 SLAMF6 1140 | 1200 | 1.056 | 0.470 | 0560 | 0500 | 2426 | 2143 | 2.111
Z 10 NM_014572 LATS2 0915 | 0795 | 0954 | 1.147 | 0378 | 0451 | 0798 | 2104 | 2117
11 NM_020438 DOLPP1 1145 | 1217 | 1120 | 0537 | 0587 | 0813 | 2133 | 2072 | 1.378
12 NM_004439 EPHAS5 1179 | 0957 | 0.878 | 0569 | 0550 | 0.406 | 2072 | 1730 | 2.162
13 NM_144648 FLJ32786 0930 | 0828 | 0921 | 0453 | 0315 | 0683 | 2054 | 2631 | 1348
14 NM_006035 CDC42BPB 0923 | 1.007 | 1.025 | 0452 | 0462 | 0499 | 2040 | 2375 | 2.053
15 NM_001776 ENTPD1 1080 | 0732 | 0948 | 0528 | 0321 | 0768 | 2045 | 2283 | 1.234
16 NM_022737 LPPR2 0850 | 0.888 | 1.045 | 0416 | 0515 | 0516 | 2041 | 1723 | 2.024
17 NM_004760 STK17A 1018 | 1.067 | 1.193 | 0473 | 0520 | 0923 | 2152 | 2017 | 1.292
18 NM_181843 NUDT8 1150 | 1.134 | 1.003 | 0293 | 0576 | 1.534 | 3.924 | 1.969 | 0.712
19 NM_001106 ACVR2B 0880 | 1.122 | 0923 | 0202 | 1016 | 0473 | 3.013 | 1.105 | 1.949
20 NM_003837 FBP2 0734 | 0953 | 0990 | 0521 | 0386 | 0512 | 1.408 | 2471 | 1.933
21 NM_003639 IKBKG 0800 | 0982 | 1132 | 0971 | 0512 | 0350 | 0.824 | 1916 | 3.231
22 NM_002480 PPP1R12A 0885 | 0839 | 0983 | 0770 | 0439 | 0368 | 1.150 | 1.910 | 2.674
23 NM_005546 ITK 0963 | 0.886 | 0905 | 0990 | 0463 | 0475 | 0973 | 1.913 | 1.905
24 NM_003681 PDXK 0940 | 0689 | 0561 | 0411 | 0580 | 0208 | 2288 | 1.189 | 1.884
25 NM_145262 GLYCTK 1047 | 1230 | 0682 | 0537 | 0656 | 0516 | 1.949 | 1.876 | 1.322
26 NM_001247 ENTPD6 0907 | 0987 | 0804 | 0874 | 0439 | 0431 | 1.037 | 2248 | 1.866
27 NM_033312 CDC14A 1.008 | 0981 | 0904 | 0432 | 0830 | 0485 | 2332 | 1.182 | 1.864
28 NM_206873 PPP1CA 0985 | 0846 | 0833 | 0470 | 0457 | 0496 | 2004 | 1.853 | 1.678
. 29 NM_000294 PHKG2 1090 | 0781 | 1.045 | 0863 | 0423 | 0462 | 1263 | 1.848 | 2.260
o 30 NM_002031 FRK 0971 | 1.143 | 1131 | 0527 | 0.645 | 0587 | 1.844 | 1773 | 1926
31 XM_497574 LOC342853 | 0.666 | 0932 | 0943 | 0.615 | 0512 | 0333 | 1.084 | 1823 | 2.828
32 NM_003713 PPAP2B 0872 | 0846 | 0832 | 0484 | 0710 | 0405 | 1.800 | 1.192 | 2.051
33 NM_025228 T3JAM 0963 | 0901 | 0905 | 0541 | 0497 | 0503 | 1781 | 1.813 | 1798
34 NM_182661 CERK 1.000 | 1.205 | 1.065 | 0368 | 1.243 | 0598 | 2719 | 0.970 | 1.780
35 NM_033331 cDC14B 1121 | 1120 | 1.133 | 0632 | 0604 | 1.278 | 1.774 | 1.853 | 0.887
36 NM_020680 scyLL 0895 | 0871 | 0971 | 0746 | 0419 | 0548 | 1201 | 2080 | 1772
37 NM_006301 MAP3K12 0915 | 1.057 | 1120 | 0517 | 0882 | 0604 | 1760 | 1.199 | 1.868
38 NM_014840 ARK5 1.046 | 0956 | 1.058 | 0554 | 0542 | 0004 | 1.889 | 1764 | 1.170
39 NM_006293 TYRO3 0840 | 0.860 | 0930 | 0970 | 0493 | 0457 | 0866 | 1.744 | 2.034
40 NM_004712 HGS 0885 | 0.637 | 0766 | 0509 | 0314 | 0448 | 1740 | 2031 | 1710
S| am NM_017719 SNRK 1137 | 1178 | 1.003 | 0658 | 0679 | 0652 | 1.728 | 1735 | 1.539
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
42 NM_006252 PRKAA2 0851 | 0702 | 0802 | 0552 | 0410 | 0403 | 1542 | 1713 | 1.900
43 NM_002651 PIKACB 0945 | 0780 | 0.814 | 1.034 | 0457 | 0272 | 0914 | 1706 | 2.904
44 NM_080871 ASB10 1099 | 1112 | 1.025 | 0600 | 0957 | 0.608 | 1.832 | 1162 | 1.688
45 NM_002627 PFKP 1087 | 1053 | 0878 | 0715 | 0562 | 0521 | 1520 | 1.875 | 1.686
46 NM_033266 ERN2 0762 | 0795 | 0971 | 0811 | 0474 | 0564 | 0939 | 1678 | 1721
47 NM_005134 PPP4RL 0870 | 0847 | 0885 | 0504 | 0505 | 0775 | 1727 | 1677 | 1141
R NM_002748 MAPK6 0980 | 0881 | 0867 | 0501 | 0811 | 0519 | 1.955 | 1.086 | 1.669
7| 4 NM_001715 BLK 0990 | 0994 | 0816 | 0594 | 0306 | 1.141 | 1.666 | 3.251 | 0715
50 NM_152572 coorfo8 0990 | 1111 | 1.043 | 0597 | 0631 | 0688 | 1659 | 1761 | 1517
51 NM_000289 PFKM 1083 | 1.105 | 1.066 | 0.660 | 0667 | 0591 | 1.641 | 1.656 | 1.804
52 NM_022809 cDC25C 1078 | 1.048 | 1.027 | 0683 | 0609 | 0.626 | 1579 | 1722 | 1.640
53 NM_003913 PRPF4B 0919 | 0948 | 0930 | 0200 | 0733 | 0573 | 3174 | 1.2903 | 1.639
54 NM_015112 MAST2 0984 | 0973 | 0904 | 0427 | 0597 | 0903 | 2303 | 1.630 | 1.002
55 NM_002596 PCTK3 0891 | 0900 | 0727 | 0547 | 0487 | 0548 | 1620 | 1.847 | 1.328
56 NM_000151 G6PC 0714 | 0891 | 0996 | 0738 | 0555 | 0381 | 0967 | 1.605 | 2.614
57 NM_003620 PPM1D 1124 | 0958 | 0956 | 0.446 | 0941 | 0598 | 2522 | 1.017 | 1.508
58 NM_004672 MAP3K6 0938 | 0973 | 0853 | 0588 | 0.833 | 0440 | 1505 | 1.168 | 1.940
59 XM_377594 LOC401954 | 0893 | 0933 | 0837 | 0.690 | 0586 | 0471 | 1.293 | 1503 | 1775
60 NM_181093 PACE-1 0898 | 0.904 | 0815 | 0788 | 0359 | 0518 | 1.140 | 2521 | 1575
61 XM_499479 LoC442731 | 0924 | 0930 | 0876 | 0583 | 0594 | 0944 | 1585 | 1565 | 0.927
62 NM_021176 G6PC2 0963 | 0859 | 0.887 | 1.051 | 0369 | 0567 | 0916 | 2.330 | 1.565
63 NM_030662 MAP2K2 1041 | 1028 | 1.026 | 0646 | 0657 | 0703 | 1611 | 1.565 | 1.459
64 NM_014678 KIAA0685 0880 | 0943 | 0993 | 0482 | 0703 | 0636 | 1.828 | 1.342 | 1560
65 NM_001277 CHKA 0836 | 0774 | 0.805 | 0644 | 0460 | 0518 | 1.209 | 1.680 | 1.554
66 NM_007174 cIT 0650 | 0587 | 0.800 | 0426 | 0344 | 0525 | 1548 | 1705 | 1523
67 NM_018425 PI4KII 0997 | 0937 | 0813 | 0545 | 0.608 | 0895 | 1.830 | 1.540 | 0.908
68 NM_020786 PDP2 0905 | 0943 | 0837 | 0999 | 0613 | 0525 | 0906 | 1.540 | 1.504
2 69 NM_022755 coorfL2 0920 | 1.050 | 0.867 | 0598 | 0.603 | 1.054 | 1538 | 1741 | 0822
70 NM_014226 RAGE 0750 | 0.802 | 0800 | 0494 | 0562 | 0372 | 1538 | 1427 | 2154
71 NM_005026 PIK3CD 0878 | 1.079 | 1057 | 0755 | 0707 | 0457 | 1163 | 1526 | 2313
72 XM_372654 LOC390760 | 0914 | 0943 | 0720 | 0710 | 0452 | 0473 | 1280 | 2084 | 1524
73 NM_004090 DUSP3 1164 | 1069 | 1.055 | 0764 | 0722 | 0.660 | 1524 | 1.480 | 1.599
74 NM_006247 PPP5C 0803 | 0.856 | 0.864 | 0864 | 0562 | 0456 | 0920 | 1.524 | 1.803
75 NM_178003 PPP2R4 1004 | 0855 | 0.859 | 0878 | 0531 | 0566 | 1.144 | 1.611 | 1.518
76 NM_080841 PTPRA 1015 | 1.138 | 1.164 | 1.080 | 0409 | 0771 | 0940 | 2786 | 1.511
77 NM_138923 TAF1 0865 | 0.813 | 0971 | 0536 | 0821 | 0643 | 1612 | 0990 | 1510
78 XM_374879 PTPMTL 0849 | 0808 | 0920 | 0608 | 0537 | 0529 | 1397 | 1.505 | 1.758
79 NM_178432 CCRK 0911 | 1178 | 1.025 | 1.088 | 0783 | 0642 | 0837 | 1504 | 1.595
80 NM_021129 PP 0799 | 0785 | 0997 | 0522 | 1.868 | 0663 | 1532 | 0420 | 1.504
81 NM_013392 NRBP 1033 | 1157 | 0925 | 0765 | 0737 | 0617 | 1351 | 1569 | 1.499
82 NM_015967 PTPN22 1049 | 0772 | 0846 | 0623 | 0585 | 0567 | 1.685 | 1.319 | 1.493
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
oo NM_109284 | LOC283846 | 1.014 | 1.127 | 0986 | 0464 | 0765 | 0.663 | 2.186 | 1.473 | 1.480
| e NM_003691 STK16 0822 | 0852 | 0771 | 0317 | 0574 | 0706 | 2590 | 1.483 | 1.001
85 NM_006875 PIM2 1044 | 1014 | 1.023 | 0416 | 0842 | 0692 | 2511 | 1204 | 1478
86 XM_498243 | LOCA442350 | 1.021 | 0.830 | 0903 | 0692 | 0413 | 0839 | 1476 | 2009 | 1.076
87 NM_002712 PPP1R7 0790 | 0374 | 0833 | 0535 | 0270 | 0543 | 1475 | 1384 | 1534
88 NM_012229 NT5C2 0955 | 0836 | 0781 | 0.764 | 0569 | 0432 | 1251 | 1.468 | 1.809
go | NM.ODL0043 FLI16165 0881 | 0727 | 1.000 | 0601 | 0.895 | 0581 | 1467 | 0812 | 1722
90 NM_000269 NME1 1001 | 0849 | 0963 | 1.370 | 0581 | 0656 | 0731 | 1461 | 1.469
o1 NM_016457 PRKD2 1080 | 0838 | 0944 | 0730 | 0892 | 0646 | 1461 | 0939 | 1.461
92 XM_497791 | LOC391295 | 1.032 | 1.111 | 1.010 | 0707 | 0933 | 0496 | 1458 | 1.191 | 2.035
93 NM_016361 ACP6 0792 | 0886 | 0881 | 0544 | 1552 | 0576 | 1456 | 0571 | 1528
94 NM_001261 CDK9 1095 | 1039 | 1215 | 0774 | 0714 | 0625 | 1414 | 1454 | 1.945
95 NM_004440 EPHA7 1085 | 1.001 | 1157 | 0740 | 0777 | 0799 | 1465 | 1403 | 1.449
96 Nm_o1ss1g | DNFEPA3ACIS | g 039 | 0047 | 1247 | 0007 | 0453 | 0793 | 1146 | 2000 | 1448
97 NM_007236 CHP 0892 | 1128 | 1082 | 0497 | 0992 | 0748 | 1793 | 1137 | 1.447
98 NM—O%O%S SGKL 0894 | 0975 | 1006 | 0945 | 0573 | 0698 | 0946 | 1701 | 1.443
99 NM_002745 MAPK1 1009 | 1160 | 0877 | 1.078 | 0491 | 0610 | 0936 | 2360 | 1.437
© | 100 | NM_005028 PIP5K2A 1013 | 1072 | 0866 | 0371 | 0957 | 0604 | 2732 | 1120 | 1.434
101 | NM_032728 Coorf67 0650 | 0650 | 0.726 | 0454 | 0422 | 0934 | 1432 | 1540 | 0777
102 | NM_002611 PDK2 0866 | 0856 | 0994 | 0681 | 0598 | 0410 | 1272 | 1431 | 2422
103 | NM_004566 PFKFB3 0853 | 1.030 | 0893 | 0.634 | 0654 | 0625 | 1346 | 1574 | 1.430
104 | NM_005734 HIPK3 0999 | 1.053 | 0936 | 0554 | 1286 | 0659 | 1.803 | 0819 | 1.421
105 | NM_015533 DKFZFZ%BN 0847 | 0815 | 0886 | 0597 | 0477 | 1161 | 1420 | 1708 | 0.763
106 | NM_172207 CAMKK1 0909 | 1.080 | 1111 | 0642 | 0.689 | 1.030 | 1416 | 1568 | 1.078
107 | NM_014721 C6orf56 0748 | 0754 | 0939 | 0945 | 0533 | 0606 | 0792 | 1.414 | 1550
108 | NM_005990 STK10 0769 | 0976 | 0886 | 0547 | 0814 | 0436 | 1.407 | 1199 | 2.034
100 | NM-0010298 ciBa 1077 | 1110 | 1.037 | 0893 | 0760 | 0740 | 1206 | 1461 | 1.401
110 | XM 498334 | LOC442428 | 1.006 | 0727 | 0950 | 0.718 | 0.285 | 0760 | 1.400 | 2551 | 1.251
111 | NM_144610 FLJ25006 0829 | 1.015 | 1.088 | 0731 | 0725 | 0721 | 1134 | 1399 | 1509
112 | NM_018584 | CaMKilNalpha | 0981 | 1.033 | 0991 | 0702 | 0734 | 0771 | 1397 | 1407 | 1.285
113 | NM_003496 TRRAP 1067 | 1.038 | 1.083 | 0610 | 0744 | 0863 | 1751 | 1.395 | 1.254
114 | NM_001348 DAPK3 0939 | 0097 | 0924 | 0791 | 0.698 | 0663 | 1187 | 1.428 | 1.304
115 NM—°7°11°°7° RPS6KB2 0846 | 0923 | 0714 | 0607 | 0557 | 0695 | 1.394 | 1.656 | 1.028
116 | NM_000945 PPP3R1 0953 | 1141 | 1052 | 0798 | 0778 | 0757 | 1193 | 1467 | 1.390
117 | NM_012080 HDHD1A 1028 | 0921 | 0914 | 0740 | 0473 | 0924 | 1389 | 1.946 | 0.989
118 | NM_000507 FBP1 1084 | 0909 | 0834 | 0782 | 0487 | 0656 | 1386 | 1865 | 1.271
J | mo | nmoozss CDK3 1016 | 0928 | 0843 | 0764 | 0670 | 0597 | 1331 | 1385 | 1.413
1 120 | nm_ooo020 ACVRLL 0953 | 1.073 | 1.000 | 0602 | 0776 | 0786 | 1584 | 1.384 | 1272
121 | NM_033534 cbcaL2 0893 | 0961 | 1015 | 0.646 | 0751 | 0.684 | 1.383 | 1.280 | 1.484
122 | NM_005761 PLXNC1 0793 | 0824 | 0882 | 0500 | 0597 | 0705 | 1588 | 1381 | 1.252
123 | NM_002645 PIK3C2A 0943 | 0920 | 0867 | 0684 | 0.666 | 1.334 | 1379 | 1.381 | 0.650
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
124 | NM_002833 PTPNO 0941 | 0996 | 1.190 | 0996 | 0723 | 0843 | 0944 | 1377 | 1413
125 | NM_007099 ACP1 0909 | 0974 | 0775 | 1.049 | 0547 | 0563 | 0867 | 1780 | 1.376
126 | NM_002741 PKN1 0872 | 0892 | 0953 | 0998 | 0650 | 0632 | 0873 | 1372 | 1508
127 | NM_002706 PPM1B 1101 | 1181 | 1114 | 1.005 | 0798 | 0.814 | 1.185 | 1.479 | 1.369
128 | NM_006609 MAP3K2 1.060 | 0894 | 0933 | 0.630 | 1.060 | 0682 | 1.681 | 0836 | 1.368
120 | NM_025130 FLI22761 0972 | 0964 | 0861 | 0711 | 0442 | 0764 | 1368 | 2179 | 1.126
130 | NM_015148 PASK 0881 | 0845 | 0849 | 1179 | 0541 | 0622 | 0748 | 1561 | 1.366
131 | NM_212539 PRKCD 0798 | 1.003 | 0995 | 0502 | 0955 | 0729 | 1592 | 1.050 | 1.366
132 | NM_014016 SACMLL 0981 | 0626 | 1.179 | 0952 | 0458 | 0603 | 1.030 | 1.365 | 1.956
133 | NM_020547 AMHR2 1.069 | 1.100 | 0997 | 0.642 | 1.020 | 0731 | 1665 | 1.078 | 1.363
134 | NM_017514 PLXNA3 0892 | 0871 | 1.009 | 0657 | 0.628 | 1156 | 1.357 | 1.386 | 0.873
135 | NM_001767 cp2 0841 | 0874 | 0869 | 0504 | 0832 | 0640 | 1667 | 1.051 | 1.357
136 | NM_014216 ITPK1 0993 | 0992 | 0775 | 1204 | 0731 | 0498 | 0768 | 1.357 | 1557
137 | NM_014006 SMG1 0858 | 1.004 | 0987 | 0634 | 0433 | 0956 | 1.355 | 2318 | 1.032
138 | NM_006212 PFKFB2 0927 | 1.048 | 0975 | 0685 | 0621 | 0738 | 1.354 | 1.600 | 1.322
139 | NM_019892 INPPSE 0807 | 0702 | 0945 | 0597 | 0192 | 1066 | 1.352 | 3648 | 0.887
2 | 140 | NM_oo1654 ARAF1 0977 | 0894 | 0955 | 0723 | 0638 | 1133 | 1352 | 1401 | 0.843
141 | NM_033256 PPPLR14A 0942 | 1.041 | 0800 | 0679 | 1.003 | 0592 | 1.387 | 1.038 | 1.351
142 | NM_001259 CDK6 1001 | 1076 | 1018 | 0491 | 1340 | 0.756 | 2222 | 0.803 | 1.346
143 | NM_003582 DYRK3 0952 | 0937 | 1108 | 0779 | 0697 | 0571 | 1.223 | 1345 | 1.940
144 | NM_173492 PIPSKLL 1072 | 1141 | 1.044 | 0613 | 1274 | 0776 | 1747 | 0896 | 1.345
145 | NM_003688 CASK 0996 | 0887 | 0934 | 0639 | 0660 | 0962 | 1.558 | 1.344 | 0.970
146 | NM_139068 MAPK9 0962 | 1211 | 1226 | 0940 | 0881 | 0913 | 1023 | 1375 | 1.343
147 | NM-0010180 FLI23074 1142 | 1030 | 1086 | 0671 | 0767 | 0820 | 1703 | 1342 | 1.324
148 | NM_145162 MAP2K5 0857 | 1175 | 1.099 | 0842 | 0880 | 0473 | 1019 | 1.336 | 2324
149 | NM_016440 VRK3 1277 | 1044 | 1081 | 0865 | 1104 | 0.809 | 1.477 | 0946 | 1.336
150 | NM_032387 PRKWNK4 0958 | 0838 | 0990 | 0718 | 0357 | 0863 | 1.334 | 2350 | 1.147
151 | NM_178510 ANKKL 0922 | 0840 | 0956 | 0695 | 0950 | 0628 | 1.326 | 0.875 | 1524
152 | NM_139209 GRK7 1145 | 1130 | 1.001 | 0.865 | 1.048 | 0467 | 1.324 | 1.087 | 2.337
153 | NM_003584 DUSP11 1148 | 1.100 | 1.006 | 0973 | 0833 | 0.664 | 1.180 | 1319 | 1.514
154 | NM_005160 ADRBK2 1031 | 1.053 | 0945 | 1.009 | 0798 | 0695 | 1.022 | 1319 | 1.360
155 | NM_003463 PTPA4AL 1.032 | 0935 | 0956 | 0783 | 0945 | 0565 | 1.318 | 0989 | 1.692
156 | XM_375150 LOC400301 | 0938 | 0975 | 0917 | 1.058 | 0.691 | 0697 | 0.887 | 1.410 | 1315
157 | NM_002832 PTPN7 1005 | 1026 | 1204 | 0833 | 0672 | 1.087 | 1315 | 1528 | 1.108
158 | NM_139021 ERKS 0794 | 0878 | 0859 | 0604 | 0756 | 0479 | 1313 | 1161 | 1.792
159 | XM_497777 LOC441959 | 0.860 | 1.053 | 1.005 | 0656 | 0.762 | 0878 | 1.312 | 1.382 | 1.144
_ | 160 | nm_os017 MGC4796 0968 | 1.008 | 0966 | 1.224 | 0771 | 0551 | 0791 | 1.307 | 1.753
“ 1 161 | nmo1aze7 NEKS6 0897 | 1.065 | 1.069 | 0686 | 0849 | 0736 | 1.307 | 1.254 | 1.452
162 | NM_139062 CSNK1D 0785 | 0794 | 0784 | 1286 | 0591 | 0601 | 0.610 | 1.343 | 1.305
163 | XM_042066 MAP3K1 0848 | 0961 | 1.082 | 0650 | 0755 | 0422 | 1304 | 1274 | 2.563
164 | NM_018201 FLJ10986 0963 | 1.022 | 0946 | 0762 | 0695 | 0726 | 1264 | 1471 | 1.303
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
165 | NM_198041 NUDT6 0975 | 0740 | 0893 | 0749 | 1.207 | 0326 | 1.302 | 0571 | 2.734
166 | NM_002012 FHIT 0885 | 0875 | 0780 | 0700 | 0611 | 0600 | 1.266 | 1.431 | 1.302
167 | NM_203468 ENTPD2 0773 | 0834 | 0744 | 0511 | 0745 | 0571 | 1512 | 1119 | 1.301
168 | NM_020439 CAMK1G 0947 | 1116 | 0891 | 0622 | 1.265 | 0685 | 1521 | 0.882 | 1.301
169 | NM_006888 CALM1 1.038 | 0881 | 0955 | 0490 | 0678 | 0981 | 2118 | 1301 | 0.973
170 | NM_006256 PKN2 0992 | 1.024 | 0986 | 0822 | 0787 | 0721 | 1207 | 1301 | 1.368
171 | NM_004715 CTDP1 0919 | 0936 | 0868 | 0618 | 0719 | 0690 | 1489 | 1.301 | 1.257
172 | NM_020397 CAMK1D 0836 | 0863 | 0855 | 1.147 | 0664 | 0493 | 0720 | 1.200 | 1.734
173 | NM_020526 EPHAS 0948 | 1018 | 0907 | 0831 | 0784 | 0587 | 1.141 | 1208 | 1544
174 | XM_495053 TPTEpsl 0868 | 0895 | 0975 | 0847 | 0545 | 0751 | 1.025 | 1.640 | 1.298
175 | NM_015981 CAMK2A 0959 | 0931 | 0964 | 1010 | 0718 | 0612 | 0950 | 1.207 | 1576
176 | NM_152309 PIK3AP1 1100 | 1053 | 0961 | 0.832 | 1434 | 0742 | 1321 | 0.735 | 1.206
177 | NM_152327 AK7 1035 | 1.184 | 1056 | 0.769 | 0914 | 00948 | 1.346 | 1205 | 1.113
178 | NM_006242 PPP1R3D 1020 | 0973 | 0918 | 0543 | 0887 | 0709 | 1.879 | 1.007 | 1.295
179 | NM_177951 PPM1A 1121 | 1054 | 1.052 | 0.868 | 0646 | 0.822 | 1.203 | 1.631 | 1.280
180 | XM_496720 LOC441047 | 1.036 | 1177 | 1.048 | 0765 | 0960 | 0812 | 1.354 | 1.226 | 1.201
181 | NM_145259 ACVRIC 1089 | 1.131 | 1124 | 0844 | 0969 | 0491 | 1200 | 1.167 | 2.289
182 | NM_019061 PIP3AP 0766 | 0819 | 0977 | 0594 | 1.188 | 0690 | 1.280 | 0690 | 1.417
183 | NM_024819 FLJ22955 0992 | 1237 | 1002 | 0800 | 0950 | 0652 | 1.115 | 1280 | 1.675
184 | NM_021158 TRIB3 0779 | 0808 | 0786 | 0238 | 0627 | 1328 | 3270 | 1280 | 0592
2 | 185 | NM_o10884 GSK3A 0938 | 0912 | 0998 | 0810 | 0708 | 0.420 | 1.158 | 1.288 | 2.379
186 | NM_198973 MKNKL 0975 | 0999 | 1.083 | 0710 | 0776 | 1249 | 1.373 | 1.287 | 0.867
187 | NM_002072 SBF1 0911 | 0803 | 1.131 | 0459 | 0993 | 0879 | 1.983 | 0.809 | 1.286
188 | NM_199040 NUDT4 1032 | 0783 | 1.166 | 0.802 | 0906 | 0.836 | 1.286 | 0.864 | 1.396
189 | NM_002005 FES 0768 | 0716 | 0843 | 1227 | 0363 | 0656 | 0.626 | 1.972 | 1.285
190 | NM_139283 TA-PP2C 0919 | 0807 | 0881 | 0716 | 0750 | 0685 | 1.283 | 1.063 | 1.287
191 | NM_005858 AKAPS 0902 | 0919 | 0891 | 0704 | 0680 | 0838 | 1281 | 1.352 | 1.063
192 | NM_002625 PFKFB1 1.007 | 1.007 | 1102 | 0974 | 0786 | 0.843 | 1.033 | 1281 | 1.307
193 | NM_006556 PMVK 0830 | 0855 | 0938 | 0639 | 0744 | 0732 | 1209 | 1150 | 1.281
194 | NM_018323 PI4K2B 0914 | 1236 | 1188 | 1181 | 0927 | 0928 | 0774 | 1333 | 1.280
195 | NM_002115 HK3 0810 | 0833 | 0832 | 0903 | 0650 | 0632 | 0.898 | 1.280 | 1.316
196 | NM_002740 PRKCI 1013 | 0923 | 0934 | 0804 | 0721 | 0451 | 1261 | 1280 | 2.071
197 | NM_006206 PDGFRA 0876 | 1.021 | 0947 | 0685 | 0760 | 1.027 | 1278 | 1.328 | 0.923
108 | NM-0010038 DUPD1 1034 | 0820 | 0828 | 0919 | 0649 | 0439 | 1125 | 1277 | 1.886
199 | XM_498259 LOC442368 | 0738 | 0.780 | 0.837 | 0360 | 0.612 | 0841 | 2051 | 1.275 | 0.996
200 | NM_145203 CSNK1ALL 1070 | 1152 | 0980 | 0.839 | 0656 | 1.063 | 1275 | 1.757 | 0.922
201 | NM_147180 PPP3R2 0657 | 1.050 | 0920 | 0516 | 1.006 | 0658 | 1.273 | 0958 | 1.411
202 | NM_144685 HIPK4 0866 | 1.010 | 0956 | 0.877 | 0756 | 0751 | 0.988 | 1.336 | 1.273
203 | NM-0010036 PPP2R2D 1071 | 1.008 | 0876 | 0724 | 0796 | 0871 | 1479 | 1.266 | 1.006
204 | NM_004409 DMPK 0834 | 0858 | 0788 | 0648 | 0678 | 1.070 | 1.287 | 1.266 | 0.736
205 | NM_005627 SGK 0954 | 1.097 | 0971 | 0989 | 0867 | 0757 | 0.964 | 1.265 | 1.282
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
206 | NM_002749 MAPK? 0982 | 0843 | 1203 | 0506 | 0941 | 0951 | 1.939 | 0896 | 1.265
207 | NM_ 015103 PLXND1 1012 | 1002 | 1028 | 0772 | 0793 | 0901 | 1310 | 1263 | 1.141
208 | NM_ 212535 PRKCB1 1020 | 0986 | 0927 | 0939 | 0782 | 0506 | 1086 | 1261 | 1.833
209 | NM_002578 PAK3 0929 | 0898 | 0985 | 0989 | 0681 | 0782 | 0940 | 1318 | 1.260
210 | NM_002756 MAP2K3 0707 | 1.004 | 1.085 | 0693 | 0798 | 0757 | 1.020 | 1259 | 1.434
o | | nwowrre FLJ20313 0869 | 0640 | 1170 | 0691 | 0984 | 0768 | 1258 | 0651 | 1523
1 212 | nm_oossoo RNGTT 1135 | 0940 | 0972 | 0748 | 0748 | 0820 | 1517 | 1257 | 1.186
213 | NM_006255 PRKCH 0992 | 0996 | 1.035 | 0394 | 1008 | 0824 | 2518 | 0908 | 1.256
214 | NM_021733 TSKS 0901 | 0827 | 0912 | 1.266 | 0.658 | 0724 | 0711 | 1256 | 1.261
215 | NM_015375 RIPKS 0986 | 1179 | 1036 | 0804 | 0855 | 0826 | 1226 | 1.379 | 1.256
216 | NM_182642 CTDSP1 0865 | 0917 | 0921 | 0874 | 0731 | 0696 | 0990 | 1.256 | 1.323
217 | NM_ 021873 CDC25B 0912 | 1020 | 0871 | 0727 | 0948 | 0433 | 1255 | 1.085 | 2010
218 | NM_020639 RIPK4 0845 | 1.060 | 0985 | 0452 | 0.968 | 0786 | 1.867 | 1.096 | 1.254
219 | NM_144624 KIS 0750 | 0903 | 0874 | 0372 | 1174 | 0697 | 2018 | 0769 | 1.253
220 | NM_014521 SH3BP4 1026 | 1245 | 1117 | 0810 | 0951 | 1125 | 1253 | 1.309 | 0.992
221 | NM_003831 RIOK3 0985 | 0691 | 0861 | 0786 | 0417 | 0963 | 1252 | 1.657 | 0.894
222 | NM_ 032503 HINT2 0801 | 0787 | 0683 | 0671 | 0629 | 0288 | 1194 | 1251 | 2371
223 | NM_002835 PTPN12 0914 | 1.020 | 1135 | 12.001 | 0714 | 0908 | 0914 | 1.429 | 1.250
224 | NM_001570 IRAK2 0738 | 0719 | 0842 | 0754 | 0373 | 0674 | 0979 | 1927 | 1.49
225 | NM_005730 CTDSP2 0837 | 0787 | 0934 | 0575 | 0870 | 0748 | 1455 | 0904 | 1.49
226 | NM_002220 ITPKA 0933 | 0984 | 1.035 | 0641 | 1753 | 0820 | 1455 | 0561 | 1.248
227 | NM_177983 PPMIG 1180 | 1.200 | 1.105 | 1.000 | 0491 | 0886 | 1181 | 2444 | 1.247
228 | NM_020990 CKMTL 0898 | 0983 | 0830 | 1.117 | 0653 | 0668 | 0804 | 1504 | 1.243
220 | NM_002513 NME3 0924 | 0909 | 0853 | 0746 | 0567 | 0930 | 1240 | 1.605 | 0917
230 | NM_033379 cbc2 0979 | 0869 | 0894 | 1157 | 0.640 | 0721 | 0846 | 1.357 | 1.239
231 | NM_005232 EPHAL 0846 | 0938 | 0750 | 0.683 | 0.964 | 0422 | 1238 | 0973 | 1.780
Q| 232 | NM_006374 STK25 0685 | 0848 | 0794 | 0884 | 0627 | 0641 | 0774 | 1352 | 1.237
233 | NM_001587 OCRL 0897 | 0991 | 0905 | 0742 | 0766 | 0732 | 1200 | 1203 | 1.237
234 NM—O&NZM SBK1 0860 | 0936 | 0868 | 0753 | 0758 | 0504 | 1142 | 1235 | 1461
235 | NM_000788 DCK 1056 | 1.205 | 1.060 | 0490 | 1.018 | 0859 | 2156 | 1.184 | 1.235
236 | NM_013993 DDR1 1011 | 1132 | 1.047 | 1899 | 0917 | 0795 | 0533 | 1234 | 1.317
237 | NM_153831 PTK2 1080 | 0757 | 0911 | 0875 | 0548 | 0789 | 1234 | 1381 | 1.154
238 NM_030810109 ACK1 0952 | 0905 | 0840 | 0443 | 0734 | 0712 | 2148 | 1233 | 1179
239 | NM_002730 PRKACA 0770 | 0844 | 0905 | 0611 | 0.685 | 0998 | 1261 | 1232 | 0.907
240 | NM_005204 MAP3K8 0962 | 1.077 | 0908 | 1.356 | 0738 | 0737 | 0710 | 1459 | 1.232
241 | NM_ 018401 STK328 0919 | 0832 | 0784 | 1.205 | 0462 | 0636 | 0763 | 1.801 | 1.232
242 | NM_001823 CKB 0926 | 1115 | 1232 | 0752 | 1289 | 0853 | 1230 | 0865 | 1.445
243 | NM_006343 MERTK 0854 | 0877 | 1052 | 0768 | 0546 | 0856 | 1112 | 1.606 | 1.228
244 | NM_ 178275 | DKFZPA34BIZ | o08 | o963 | 0749 | 1106 | 0728 | 0610 | 0821 | 1323 | 1228
245 | NM_ 207299 PRG-3 0940 | 0794 | 1146 | 0766 | 1.134 | 0827 | 1226 | 0700 | 1.387
246 | XM_058513 LRRK2 1064 | 1.031 | 1.030 | 0735 | 0843 | 1.051 | 1446 | 1223 | 0.980
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
247 | NM_007229 PACSIN2 0926 | 1.001 | 1.032 | 0758 | 1409 | 0819 | 1222 | 0710 | 1.260
248 | NM_020354 ENTPD? 0949 | 0802 | 0740 | 0777 | o688 | 0583 | 1221 | 1166 | 1271
249 | NM_ 015978 TNNI3K 0843 | 0825 | 0908 | 0650 | 0676 | 0811 | 1279 | 1220 | 1121
250 | NM_004897 MINPP1 0913 | 1011 | 0846 | 1.301 | 0830 | 0280 | 0701 | 1218 | 2930
251 | NM_001556 IKBKB 0844 | 0833 | 0747 | 0749 | 0684 | 0382 | 1126 | 1218 | 1.958
252 | NM_003895 SYNJL 0869 | 0823 | 0973 | 0691 | 0677 | 1226 | 1258 | 1216 | 0.794
253 | NM_003258 TK1 0913 | 0960 | 0960 | 0601 | 0.850 | 0780 | 1520 | 1129 | 1.216
254 | NM_139078 | MAPKAPKS | 0009 | 1.086 | 1.066 | 0749 | 0761 | 1111 | 1.215 | 1428 | 0.960
255 | NM_053030 MYLK 0917 | 0974 | 1113 | 0755 | 0909 | 0687 | 1215 | 1072 | 1620
256 | NM-0010013 PRKCSH 1183 | 1.048 | 1.016 | 0866 | 1678 | 0836 | 1366 | 0625 | 1.214
257 | NM_002609 PDGFRB 1033 | 0996 | 0930 | 1.023 | 0821 | 0510 | 1010 | 1214 | 1.822
258 | NM_ 145332 MAP3K7 0949 | 0851 | 0979 | 0781 | 0477 | 1505 | 1214 | 1784 | 0614
259 NM—0551°147 ILK 0856 | 0097 | 0979 | 0732 | 0822 | 0534 | 1169 | 1213 | 1.831
260 | NM_014720 SLK 0928 | 0858 | 1013 | 0765 | 0534 | 1.150 | 1213 | 1.607 | 0.881
_ | 21 | nwoses ETNK1 0759 | 1014 | 1138 | 0717 | 0720 | 0940 | 1058 | 1300 | 1211
1 262 | nm_oos2as FER 1028 | 0983 | 0968 | 0660 | 1747 | 0801 | 1557 | 0563 | 1.209
263 | NM_021972 SPHK1 0992 | 0998 | 1032 | 0579 | o988 | 0854 | 1714 | 1011 | 1.208
264 | XM_208887 LOC283871 | 0.809 | 0.603 | 0.850 | 0.670 | 0901 | 0538 | 1.208 | 0670 | 1.579
265 | NM_006282 STK4 1000 | 0980 | 0973 | 0792 | 0846 | 0805 | 1263 | 1159 | 1.208
266 | NM_ 198974 PTK9 0758 | 0017 | 0955 | 0628 | 0978 | 0701 | 1207 | 0938 | 1362
267 NM—°§’11°123 NTRK1 0879 | 1.002 | 0942 | 1.275 | 0746 | 0781 | 0689 | 1.343 | 1.207
268 | NM_018208 ETNK2 0812 | 1.021 | 0990 | 0479 | 1252 | 0820 | 1695 | 0816 | 1.206
269 | NM_197972 NME7 1010 | 1.013 | 1.230 | 0838 | 0897 | 0818 | 1205 | 1129 | 1.504
270 | NM_003985 TNKL 0855 | 0860 | 0938 | 0710 | 0917 | 0716 | 1.205 | 0938 | 1310
271 | NM_001260 CDK8 0923 | 0905 | 0883 | 0766 | 0767 | 0521 | 1205 | 1.180 | 1.694
272 | NM_002436 MPP1 0831 | 0792 | 0848 | 1.233 | 0493 | 0704 | 0674 | 1608 | 1.204
273 | NM_ 054111 IHPK3 1101 | 1120 | 1097 | 0940 | 0752 | 0912 | 1171 | 1501 | 1.202
274 | NM_002576 PAK1L 1039 | 1.069 | 0939 | 0866 | 1.133 | 0729 | 1201 | 0944 | 1.288
275 | NM_005255 GAK 0914 | 0804 | 0858 | 0762 | 1.188 | 0525 | 1200 | 0752 | 1.635
276 | NM_152386 SGPP2 0854 | 0750 | 0908 | 0706 | 0.687 | 0757 | 1210 | 1.002 | 1.199
277 | NM_006213 PHKG1 0887 | 0980 | 0900 | 0977 | 0783 | 0751 | 0908 | 1252 | 1.108
278 | NM_017572 MKNK2 0959 | 0922 | 0967 | 0754 | 0994 | 0808 | 1273 | 0928 | 1107
219 | Nw_is2saz | PKFZPIOICOS | ogag | 0g16 | 0831 | 1626 | 0663 | 0694 | 0517 | 1231 | 1197
280 | NM_004225 MFHAS1 0953 | 0926 | 1.008 | 0468 | 0775 | 0870 | 2037 | 1196 | 1.159
281 | NM_016478 NIPA 0903 | 0859 | 1.020 | 0725 | 0718 | 1.052 | 1245 | 1195 | 0979
g | 28 NM_Oé)éLOlBO NTRK2 0894 | 0851 | 0895 | 0765 | 0712 | 0700 | 1169 | 1194 | 1279
283 NM—ofjooeg RPS6KA4 0861 | 0958 | 0905 | 0.674 | 0804 | 0879 | 1277 | 1192 | 1.029
284 | NM_014787 DNAJC6 0879 | 1.055 | 1.054 | 00996 | 0.630 | 0.886 | 0883 | 1.676 | 1.190
285 | NM_002880 RAF1 0984 | 1.065 | 0944 | 0827 | 1046 | 0792 | 1190 | 1018 | 1.103
286 | NM_004438 EPHA4 0911 | 1.031 | 0816 | 1.047 | 0807 | 0686 | 0870 | 1278 | 1.190
287 | NM_005235 ERBB4 0873 | 0815 | 1008 | 0734 | 1458 | 0807 | 1189 | 0559 | 1.250
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
288 | NM_002401 MAP3K3 1081 | 0995 | 1.022 | 0009 | 0844 | 0720 | 1.180 | 1178 | 1.402
289 | NM_004612 TGFBRL 1.044 | 1145 | 1.024 | 0975 | 0613 | 0862 | 1071 | 1867 | 1.187
290 | NM_053006 STK22B 1057 | 1054 | 1087 | 0891 | 1012 | 0759 | 1.187 | 1.042 | 1.433
291 | NM_108435 STK6 0983 | 0844 | 1.043 | 0767 | 0755 | 0879 | 1282 | 1117 | 1186
202 | XM_497521 LOC441777 | 0919 | 0995 | 0943 | 0776 | 1.309 | 0.465 | 1.185 | 0760 | 2.027
203 | NM_080790 ACPT 0770 | 0718 | 0899 | 1171 | 0599 | 0760 | 0.658 | 1200 | 1.182
294 | NM_015101 SIK2 0877 | 0901 | 0877 | 0743 | 0645 | 0918 | 1.181 | 1.396 | 0.955
295 | NM_004567 PFKFB4 1015 | 0898 | 0823 | 0.861 | 0968 | 0.296 | 1.180 | 0928 | 2.777
296 | NM_004196 CDKL1 0852 | 0955 | 0953 | 0413 | 0.880 | 0.807 | 2064 | 1.084 | 1.180
297 | NM_021643 TRIB2 0839 | 0912 | 0909 | 0711 | 0363 | 1760 | 1.179 | 2515 | 0517
298 | NM_016282 AK3LL 0936 | 1218 | 1.233 | 1.034 | 1.034 | 0810 | 0905 | 1.179 | 1.523
299 | NM_014874 MFN2 0894 | 0875 | 0546 | 0761 | 1.162 | 0314 | 1175 | 0753 | 1.738
300 | NM_006721 ADK 0827 | 0454 | 0866 | 0.492 | 0388 | 0945 | 1680 | 1171 | 0.917
301 | NM_002765 PRPS2 0949 | 0820 | 0903 | 0921 | 0701 | 0741 | 1030 | 1170 | 1.218
302 | NM_003558 PIP5K1B 0836 | 0480 | 0824 | 1555 | 0410 | 0633 | 0538 | 1.170 | 1.302
303 | NM_000476 AKL 1.027 | 1048 | 0974 | 0878 | 0797 | 0995 | 1170 | 1315 | 0.979
304 | NM_020666 CLK4 1.049 | 0592 | 0858 | 1.115 | 0506 | 0.603 | 0940 | 1.169 | 1.423
305 | NM_024504 PANK3 0859 | 1.039 | 0940 | 1.432 | 0870 | 0.804 | 0.600 | 1.195 | 1.169
306 | NM_015028 KIAAOS51 0961 | 0930 | 0859 | 0659 | 0797 | 0878 | 1450 | 1.167 | 0.979
307 | NM_002717 PPP2R2A 0800 | 0830 | 0883 | 1105 | 0711 | 0478 | 0725 | 1.167 | 1.849
S | 308 NM—°f21°318 CSNK1G3 0863 | 1.016 | 1105 | 0355 | 0947 | 0947 | 2429 | 1074 | 1167
309 | NM_013233 STK39 0849 | 1.058 | 0890 | 0728 | 1.437 | 0716 | 1.165 | 0736 | 1.243
310 | NM_024025 MGC1136 0834 | 0938 | 0815 | 0707 | 0805 | 1126 | 1.179 | 1.164 | 0.724
311 | NM_018216 PANK4 0761 | 0951 | 0831 | 0654 | 0783 | 0813 | 1164 | 1214 | 1.022
312 | NM_021133 RNASEL 0820 | 0806 | 0899 | 0706 | 0487 | 0853 | 1.161 | 1.656 | 1.054
313 | NM_007079 PTP4A3 0919 | 0823 | 0884 | 0672 | 0979 | 0763 | 1.367 | 0841 | 1.150
314 | NM_138633 AKAP7 0860 | 0773 | 0813 | 1.027 | 0593 | 0702 | 0838 | 1.303 | 1150
315 | NM_014839 LPPR4 0788 | 0603 | 0861 | 0.664 | 0919 | 0744 | 1.188 | 0.656 | 1.158
316 | NM_005881 BCKDK 1.024 | 0937 | 1.043 | 0861 | 0809 | 0948 | 1.180 | 1158 | 1.101
317 | NM_198269 HIPK1 1304 | 1019 | 0964 | 0724 | 0881 | 0.882 | 1.801 | 1157 | 1.003
318 | NM_001248 ENTPD3 0656 | 0659 | 0839 | 0567 | 0464 | 1.042 | 1.157 | 1.420 | 0.805
319 | NM_014911 AAKL 0684 | 0916 | 0776 | 0772 | 0502 | 0671 | 0886 | 1.823 | 1.157
320 | NM_109347 LOC375328 | 0937 | 0955 | 1.064 | 0990 | 0.643 | 0921 | 0947 | 1.484 | 1155
321 | NM_012474 UCK2 0874 | 0912 | 0867 | 0934 | 0789 | 0700 | 0936 | 1155 | 1.237
322 | NM_025144 LAK 0950 | 0990 | 0989 | 0708 | 0.857 | 0.872 | 1.341 | 1155 | 1.133
323 | XM_497141 LOC441511 | 0799 | 0852 | 0.844 | 0474 | 0738 | 0840 | 1.685 | 1.155 | 1.005
324 | NM_032844 MASTL 0863 | 0925 | 0904 | 0749 | 0836 | 0758 | 1152 | 1107 | 1192
325 | NM_020791 KIAAL361 0931 | 0510 | 0964 | 0917 | 0405 | 0837 | 1016 | 1288 | 1.152
326 | NM_002758 MAP2K6 0712 | 0843 | 0826 | 0663 | 0508 | 0717 | 1074 | 1.660 | 1.151
327 | NM_002711 PPPLR3A 0912 | 1.077 | 0928 | 0933 | 0874 | 0807 | 0978 | 1233 | 1150
328 | NM_003618 MAP4K3 0994 | 1.047 | 0806 | 0510 | 1.051 | 0702 | 1951 | 0997 | 1.149
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
320 | NM_012401 PLXNB2 1028 | 1262 | 1.021 | 0894 | 0642 | 0922 | 1149 | 1.966 | 1.106
330 | NM_022748 TENS1 0928 | 0985 | 1051 | 0877 | 0858 | 0759 | 1059 | 1.149 | 1.385
Nk NM_0010317 FLJ12476 1005 | 1190 | 1.140 | 1.089 | 1.037 | 0975 | 0923 | 1148 | 1.170
| 332 | nm_oozate MAP3K11 0759 | 0712 | 0854 | 0719 | 0621 | 0588 | 1.057 | 1.147 | 1.453
333 | NM_183048 PRKCBP1 0709 | 1115 | 0982 | 0618 | 0828 | 1.050 | 1.147 | 1.347 | 0936
334 | NM_014370 STK23 1018 | 1.030 | 0891 | 1.030 | 0898 | 0620 | 0989 | 1147 | 1.438
335 | NM_004217 AURKB 0874 | 0832 | 0799 | 0708 | 0726 | 1.001 | 1234 | 1146 | 0.798
336 | NM_021132 PPP3CB 0938 | 0791 | 1126 | 0819 | 1.260 | 0838 | 1.145 | 0628 | 1.343
337 NM—°3°21°148 PAK4 0897 | 0918 | 0950 | 0783 | 0.829 | 0824 | 1145 | 1107 | 1153
338 | NM_004717 DGKI 0777 | 1147 | 1020 | 0680 | 0969 | 0987 | 1143 | 1184 | 1.033
339 | NM_006296 VRK2 0838 | 09077 | 0954 | 1238 | 0641 | 0835 | 0677 | 1523 | 1.143
340 | NM_020327 ACVRIB 0992 | 0814 | 0919 | 0817 | 0963 | 0805 | 1214 | 0845 | 1.142
341 | NM_023109 FGFR1 0919 | 0925 | 0892 | 0978 | 0635 | 0781 | 0940 | 1456 | 1.142
342 | NM_003331 TYK2 0812 | 0855 | 0.840 | 0539 | 0.806 | 0736 | 1506 | 1.061 | 1.142
343 | NM_003845 DYRK4 0871 | 0814 | 0872 | 0669 | 0750 | 0764 | 1.302 | 1.086 | 1.141
344 | NM_000431 MVK 0890 | 1.017 | 0868 | 0727 | 0891 | 0881 | 1223 | 1141 | 0985
345 | NM_ 031313 ALPPL2 0763 | 0720 | 0838 | 0597 | 1495 | 0736 | 1278 | 0482 | 1.139
346 | XM_499423 MGC26484 | 0744 | 0795 | 0.647 | 0.654 | 0803 | 0542 | 1137 | 0990 | 1.193
347 | NM_178130 TXNDC6 0926 | 0944 | 1101 | 0919 | 0780 | 0969 | 1.008 | 1200 | 1.136
348 | NM_006281 STK3 0825 | 0831 | 0867 | 0522 | 0732 | 0928 | 1581 | 1135 | 0934
349 | NM_005102 CDKN3 1150 | 1.031 | 1.094 | 1.015 | 1.304 | 0537 | 1133 | 0791 | 2.038
350 | NM_004336 BUB1 0870 | 0973 | 0963 | 0768 | 1271 | 0811 | 1133 | 0766 | 1.189
351 | NM_003726 SCAP1 0879 | 0731 | 0871 | 0733 | o646 | 1118 | 1199 | 1132 | 0.779
Q| 352 | xM_372663 LOC390777 | 0813 | 0825 | 0883 | 0719 | 0641 | 1.060 | 1131 | 1287 | 0.833
353 | NM_016447 MPP6 0709 | 0889 | 0964 | 0628 | 0712 | 0910 | 1129 | 1248 | 1.059
354 | NM_003674 CDK10 0857 | 0776 | 0904 | 0.865 | 0.688 | 0719 | 0990 | 1128 | 1.256
ass | NMO010071 NTRK3 0856 | 0774 | 0982 | 0776 | 0390 | 0872 | 1103 | 1987 | 1127
356 | NM_201278 MTMR2 0866 | 0690 | 1.030 | 1.041 | 0590 | 0915 | 0832 | 1170 | 1.126
357 | NM_152282 FLJ23751 0843 | 0812 | 0922 | 0608 | 0722 | 0827 | 1387 | 1125 | 1115
358 | XM_497532 Loc441787 | 0857 | 0988 | 0999 | 0762 | 0986 | 0684 | 1125 | 1.002 | 1.460
359 | NM_172128 CAMK2D 0925 | 0819 | 0909 | 0658 | 0.808 | 0.808 | 1.407 | 1.013 | 1.125
360 | NM_001211 BUB1B 0972 | 0961 | 1.006 | 0334 | 0932 | 0895 | 2909 | 1.031 | 1.125
361 | NM_016441 CRIM1 1019 | 1.007 | 0854 | 0703 | 1.043 | 0760 | 1448 | 1052 | 1.124
362 | NM_004935 CDKS 0908 | 1.003 | 0863 | 0954 | 0892 | 0602 | 0951 | 1.124 | 1.48
363 | NM_152900 MAGI-3 0893 | 1133 | 1196 | 0795 | 1.185 | 0499 | 1.124 | 0956 | 2.399
364 | NM_000061 BTK 1060 | 1124 | 1.013 | 0943 | 0499 | 1154 | 1124 | 2251 | 0.878
365 | NM_002834 PTPNL1 0871 | 1112 | 0973 | 1.080 | 0962 | 0866 | 0806 | 1.156 | 1.123
366 | NM_145001 STK32A 0761 | 0886 | 0837 | 0678 | 1.050 | 0656 | 1123 | 0843 | 1.276
367 | NM_005793 NMES6 0922 | 0951 | 0858 | 0822 | 0873 | 0606 | 1122 | 1.089 | 1.232
368 | NM_004442 EPHB2 1002 | 1011 | 1.030 | 0894 | 1184 | 0878 | 1122 | 0854 | 1.173
369 | NM_020126 SPHK?2 1097 | 1079 | 0950 | 0942 | 1100 | 0847 | 1164 | 0981 | 1.122
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
370 | NM_016542 MST4 0927 | 1002 | 0785 | 0827 | 1039 | 0503 | 1121 | 0964 | 1.323
371 | NM_002577 PAK2 0945 | 0953 | 0974 | 1019 | 0721 | 0869 | 0928 | 1322 | 1121
372 | NM_001619 ADRBK1 1063 | 1150 | 1.114 | 0759 | 1247 | 0994 | 1400 | 0923 | 1121
373 | NM_017813 FLI20421 0860 | 0708 | 1227 | 0768 | 1.030 | 0820 | 1120 | 0688 | 1.496
374 | NM_001699 AXL 1073 | 1062 | 0872 | 1156 | 0948 | 0747 | 0928 | 1120 | 1.167
375 | XM_372705 LOC390877 | 0833 | 0963 | 0921 | 0744 | 0952 | 0710 | 1120 | 1012 | 1.207
376 | NM_005401 PTPNL4 1036 | 0989 | 1.122 | 0951 | 0855 | 1.004 | 1000 | 1157 | 1.118
377 | NM_178564 | LOC340371 | 0763 | 0.821 | 0881 | 0691 | 0734 | 0715 | 1.104 | 1.118 | 1.232
378 | NM_004685 MTMR6 0946 | 0955 | 1.0%0 | 0601 | 0962 | 0976 | 1575 | 0993 | 1.118
379 | xM_291141 MAST4 1031 | 0933 | 0983 | 0993 | 0657 | 0881 | 1038 | 1420 | 1.117
380 | NM_ 152835 | LOC149420 | 0.881 | 0938 | 0860 | 0789 | 0987 | 0749 | 1.117 | 0950 | 1.147
381 | NM_017927 MFN1 0938 | 0918 | 0820 | 0753 | 0834 | 0742 | 1245 | 1101 | 1117
382 | NM_005009 NME4 0874 | 0835 | 0893 | 0784 | 0689 | 1124 | 1116 | 1212 | 0794
383 | NM_182687 PKMYT1 0761 | 0835 | 0963 | 0683 | 0.628 | 1.042 | 1115 | 1.330 | 0925
384 | NM_030949 PPPIR14C | 0646 | 0848 | 1.024 | 0580 | 0604 | 1307 | 1115 | 1222 | 0.783
385 | NM_015466 PTPN23 0845 | 0861 | 0830 | 0758 | 0872 | 0663 | 1115 | 0988 | 1.252
386 | NM_080876 DUSP19 0859 | 0852 | 0842 | 0418 | 0965 | 0756 | 2055 | 0883 | 1.114
387 | NM_032028 STK22D 1058 | 0974 | 0802 | 1.320 | 0874 | 0589 | 0801 | 1114 | 1.362
388 | XM_496112 LOC440332 | 0791 | 0974 | 0960 | 0757 | 0732 | 0861 | 1046 | 1330 | 1114
389 NM—°l°21°°59 IHPK2 1020 | 0994 | 0910 | 0934 | 0715 | 0817 | 1092 | 139 | 1114
Q| 300 | NM_138387 G6PC3 1040 | 0868 | 0996 | 0916 | 0780 | 0912 | 1136 | 1112 | 1.002
391 | NM_031464 RPS6KLL 0803 | 1.003 | 0854 | 0987 | 0983 | 0486 | 0813 | 1112 | 1.758
392 | NM_ 139158 ALS2CR7 1022 | 1026 | 0991 | 0658 | 0948 | 0801 | 1553 | 1082 | 1112
393 | NM_201284 EGFR 1000 | 0894 | 0830 | 0861 | 1234 | 0747 | 1162 | 0724 | 1111
394 | NM_032409 PINKL 0854 | 0992 | 1142 | 0872 | 0845 | 1.028 | 0979 | 1174 | 1111
395 | NM_004687 MTMR4 0721 | 0692 | 0952 | 0530 | 0935 | 0857 | 1361 | 0740 | 1111
ags | NMLO0M0124 | ocaao1se | 0823 | 0828 | 0870 | 0742 | 1342 | 0692 | 1110 | 0616 | 1.258
397 | NM_016616 TXNDC3 0796 | 0922 | 0938 | 0790 | 0.616 | 0846 | 1.008 | 1.498 | 1.108
398 | NM_002755 MAP2K1 0989 | 0987 | 0932 | 0842 | 1118 | 0841 | 1175 | 0883 | 1.108
399 | NM_004721 MAP3K13 0902 | 0847 | 1073 | 1.211 | 0765 | 0706 | 0745 | 1108 | 1519
400 | NM_182471 PKM2 0873 | 0931 | 0820 | 0669 | 0.840 | 0756 | 1.304 | 1.108 | 1.096
401 | NM_000252 MTM1 0881 | 0845 | 0910 | 1.330 | 0763 | 0.660 | 0662 | 1.108 | 1.379
402 | NM_005356 LCK 0813 | 0741 | 0868 | 1.074 | 0622 | 0783 | 0757 | 1192 | 1.108
403 | XM 372749 LoCc390975 | 0882 | 0872 | 0922 | 0796 | 0509 | 1035 | 1107 | 1713 | o.891
404 | NM_012224 NEK1 0895 | 0946 | 0953 | 0808 | 0.820 | 1112 | 1107 | 1141 | 0857
405 | NM_023923 PHACTR4 0911 | 09037 | 0932 | 0835 | 0774 | 0842 | 1001 | 1210 | 1107
406 | NM_198201 SRC 1019 | 0869 | 0889 | 1217 | o785 | 0796 | 0837 | 1107 | 1.117
407 | NM_005540 INPP5B 0877 | 0800 | 0937 | 0793 | 0956 | 0758 | 1.105 | 0931 | 1.236
408 NM—°2’21°137 DGKK 0900 | 0921 | 0873 | 0816 | 1.113 | 0754 | 1104 | 0828 | 1157
409 | NM_002497 NEK2 0927 | 0845 | 0923 | 0841 | 0585 | 1.053 | 1103 | 1.443 | 0877
410 | NM_080836 STK35 0879 | 0988 | 0812 | 0675 | 0895 | 1.143 | 1.303 | 1.103 | 0.710
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
411 | NM_014142 NUDT5 0858 | 0832 | 0946 | 0706 | 0755 | 0954 | 1.215 | 1.102 | 0.992
412 | NM_033346 BMPR2 0990 | 1.013 | 1.022 | 0852 | 1231 | 0927 | 1162 | 0823 | 1102
413 | NM_007181 MAP4K1 0885 | 0675 | 0743 | 0749 | 0620 | 0674 | 1182 | 1074 | 1102
o | 44 | nwoziess NAP1L2 0679 | 0867 | 0955 | 1.087 | 0787 | 0627 | 0624 | 1101 | 1523
"1 a5 | nm207510 ZAP70 0769 | 0882 | 0958 | 0661 | 1.025 | 0871 | 1.163 | 0.860 | 1.100
416 | NM_001616 ACVR2 1083 | 0982 | 1.005 | 0402 | 1.004 | 0915 | 2601 | 0978 | 1.099
417 | XM_497861 LOC339810 | 0732 | 0888 | 0781 | 0.460 | 0.808 | 0749 | 1.589 | 1.099 | 1.043
418 | NM_018571 ALS2CR2 0975 | 0968 | 1.032 | 0888 | 0972 | 0826 | 1.008 | 0997 | 1.249
419 | NM_ 032538 TTBK1 0901 | 1.063 | 1.030 | 1114 | 0834 | 0940 | 0809 | 1274 | 1.096
420 | NM_030768 ILKAP 0838 | 0862 | 0722 | 0765 | 0793 | 0580 | 1.005 | 1.086 | 1.244
421 | NM_006305 ANP32A 0857 | 0953 | 0718 | 1587 | 0686 | 0.656 | 0.540 | 1.390 | 1.095
422 | NM_152776 MGC40579 1028 | 1.137 | 1096 | 0938 | 1.302 | 0996 | 1.095 | 0.873 | 1.100
423 | NM_000208 INSR 0988 | 1.000 | 0919 | 0830 | 1.050 | 0839 | 1191 | 0945 | 1.005
424 | NM_023018 FLJ13052 0787 | 1.008 | 0980 | 0855 | 0921 | 0806 | 0921 | 1.005 | 1.217
425 | XM_496065 ANP32F 0969 | 0986 | 0905 | 0504 | 0900 | 1.381 | 1.923 | 1.095 | 0.656
426 | NM_003898 SYNJ2 0832 | 0852 | 0982 | 0898 | 0779 | 0581 | 0927 | 1.003 | 1691
427 | NM_ 138733 PGK2 1.033 | 0994 | 0940 | 1001 | 0909 | 0810 | 1.031 | 1.003 | 1.161
428 | NM_018159 NUDT11 0859 | 0705 | 1.052 | 0786 | 0717 | 0958 | 1.003 | 0.984 | 1.097
429 | NM_000314 PTEN 0926 | 0945 | 1.006 | 0500 | 0.961 | 0921 | 1.853 | 0.984 | 1.003
430 | NM_024779 PIPSK2C 1.068 | 1.040 | 0955 | 1.166 | 0939 | 0.875 | 0916 | 1.108 | 1.001
431 | NM_017900 AKIP 0806 | 1.002 | 0758 | 0871 | 0919 | 0395 | 0925 | 1.000 | 1.017
432 | NM_001789 CDC25A 0877 | 1011 | 0576 | 1.048 | 0826 | 0529 | 0837 | 1.225 | 1.000
433 | NM_025195 TRIB1 0901 | 1.015 | 0976 | 0898 | 0.850 | 0.896 | 1.004 | 1.182 | 1.089
434 | NM_020152 c21orf7 0917 | 0986 | 0890 | 0842 | 0843 | 0817 | 1089 | 1.170 | 1.089
S | 435 | NM_152534 FLJ32685 0899 | 0869 | 0957 | 0827 | 0668 | 0912 | 1.087 | 1.301 | 1.049
436 | NM_005539 INPPSA 0867 | 0843 | 0875 | 0798 | 1609 | 0731 | 1.087 | 0524 | 1.198
437 | XM_498204 LOC392265 | 0927 | 0970 | 0952 | 0854 | 0735 | 1.068 | 1.086 | 1.320 | 0.892
438 | NM_004103 PTK2B 0996 | 0935 | 0960 | 1.088 | 0831 | 0.885 | 0916 | 1.124 | 1.085
439 | NM_001346 DGKG 0820 | 0795 | 0847 | 0803 | 0.698 | 0780 | 0.028 | 1.138 | 1.085
440 | NM_052984 CDK4 0776 | 0807 | 0867 | 0411 | 1.184 | 0799 | 1888 | 0681 | 1.085
441 | NM_006207 PDGFRL 0981 | 1.003 | 0921 | 0905 | 1.285 | 0789 | 1.084 | 0781 | 1.167
442 | NM_000858 GUK1 0843 | 0868 | 0903 | 0584 | 1.155 | 0833 | 1443 | 0752 | 1.084
443 | NM_001626 AKT2 0800 | 0749 | 0723 | 0873 | 0373 | o668 | 0917 | 2008 | 1.083
444 | NM_080685 PTPN13 0984 | 0991 | 1.168 | 0909 | 1.013 | 0796 | 1.083 | 0978 | 1.466
445 | NM_001486 GCKR 0811 | 0689 | 0766 | 0749 | 0465 | 0769 | 1.083 | 1.483 | 0.997
446 NM—°:21°°18 PIM3 0886 | 0950 | 0913 | 1108 | 0878 | 0559 | 0799 | 1.082 | 1.633
447 | NM_005184 CALM3 1035 | 0926 | 0971 | 0577 | 0856 | 1.055 | 1796 | 1.081 | 0.920
448 | NM_014920 ICK 1042 | 1078 | 1104 | 0927 | 1080 | 1.021 | 1.124 | 0990 | 1.081
449 | NM_177533 NUDT14 0853 | 0911 | 0762 | 0790 | 0635 | 0840 | 1.081 | 1.434 | 0.907
450 | NM_032037 SSTK 1062 | 1034 | 1069 | 0932 | 0956 | 1.256 | 1.139 | 1.081 | 0.851
asp | NMOOL0144 AKT1 0925 | 0865 | 0918 | 0753 | 0801 | 0968 | 1.229 | 1.080 | 0.949
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
452 | NM_152880 PTK7 0905 | 0617 | 0909 | 0839 | 0626 | 0505 | 1.079 | 0.98 | 1.800
453 | NM_ 017823 DUSP23 0956 | 0985 | 0857 | 0886 | 0.882 | 1.004 | 1079 | 1.117 | 0.853
454 | NM_203453 LOC403313 | 0756 | 0617 | 0905 | 0701 | 0597 | 0593 | 1.078 | 1.033 | 1527
455 | NM_031432 UCK1 1025 | 0971 | 0951 | 1.144 | 0901 | 0755 | 0.896 | 1.077 | 1.261
456 | NM_025194 ITPKC 0912 | 0962 | 1.048 | 1200 | 0862 | 0974 | 0754 | 1117 | 1.076
457 | NM_006712 FASTK 0912 | 0914 | 0974 | 0931 | 0682 | 0905 | 0979 | 1340 | 1.076
458 | NM_006176 NRGN 0947 | 0993 | 0986 | 0862 | 0923 | 0968 | 1.008 | 1.075 | 1.018
459 | NM_002376 MARK3 0895 | 1.078 | 0965 | 0.416 | 1.003 | 0936 | 2154 | 1.075 | 1.031
460 | NM_006201 PCTK1 0949 | 0925 | 0980 | 0883 | 1218 | 0671 | 1074 | 0759 | 1.473
461 | NM_201554 DGKA 0923 | 0980 | 0863 | 0487 | 1.006 | 0804 | 1895 | 0974 | 1.074
462 | NM_014225 PPP2R1A 0653 | 0903 | 0738 | 0609 | 1.064 | 0486 | 1.074 | 0848 | 1518
463 | NM_002944 ROS1 1.004 | 1058 | 1.007 | 1.058 | 0986 | 0584 | 0949 | 1.073 | 1.880
464 | NM_176789 MTMR1 0519 | 0904 | 1.067 | 0493 | 0843 | 0944 | 1052 | 1073 | 1130
465 | NM_017988 FLJ10074 0860 | 0962 | 0926 | 0803 | 0950 | 0.852 | 1.071 | 1.013 | 1.087
466 | NM_005100 AKAP12 0805 | 0883 | 0892 | 0751 | 0479 | 0911 | 1071 | 1.843 | 0.979
467 | NM_004954 MARK2 0964 | 0860 | 0859 | 0900 | 0979 | 0756 | 1071 | 0878 | 1138
468 | NM_004383 csK 0941 | 0922 | 0891 | 0788 | 0862 | 0971 | 1.194 | 1070 | 0.917
469 | NM_153710 C90rf96 0838 | 0858 | 0936 | 0784 | 0962 | 0.807 | 1070 | 0.892 | 1161
470 | NM_007254 PNKP 0913 | 0836 | 0864 | 0615 | 0825 | 0807 | 1485 | 1.013 | 1.070
471 | NM_130435 PTPRE 0985 | 1165 | 1.018 | 1.035 | 0797 | 0952 | 0.952 | 1462 | 1.070
S | 472 | NMm_178170 NEKS 0771 | 0874 | 0843 | 0936 | 0817 | 0597 | 0824 | 1.060 | 1.412
473 | XM_497433 LOC441708 | 0878 | 1.050 | 0786 | 0.821 | 0.844 | 1553 | 1.069 | 1.244 | 0506
474 | NM_005983 SKP2 0989 | 1.032 | 0917 | 0870 | 0.966 | 1.032 | 1.136 | 1.069 | 0.889
475 | NM_006259 PRKG2 0943 | 0873 | 0932 | 0459 | 0817 | 1.002 | 2057 | 1.060 | 0.930
476 | NM_172083 CAMK2B 0945 | 0830 | 0877 | 0930 | 0626 | 0821 | 1017 | 1.327 | 1.069
477 | NM_203488 ACYPL 0770 | 0594 | 0856 | 0508 | 0556 | 0974 | 1514 | 1.067 | 0.878
478 | NM_007170 TESK2 0875 | 0880 | 1.026 | 1.000 | 0825 | 0838 | 0875 | 1.067 | 1.223
479 NM—ofgoz“G CLK1 0927 | 0994 | 0766 | 0765 | 0931 | 1505 | 1213 | 1.067 | 0.480
480 | NM_198452 PNCK 0819 | 0969 | 0923 | 0414 | 1.003 | 0865 | 1.978 | 0.88 | 1.067
481 | NM_ 018423 STYK1 0466 | 1.077 | 1.027 | 0381 | 1119 | 0963 | 1.224 | 0962 | 1.067
482 | NM_007039 PTPN21 0935 | 0927 | 0918 | 0680 | 0869 | 0.872 | 1.374 | 1.067 | 1.053
483 | NM_003718 cpcaLs 0901 | 0934 | 0930 | 0845 | 1.243 | 0588 | 1066 | 0751 | 1.580
484 | NM_003137 SRPK1L 0979 | 1123 | 0901 | 1161 | 1.054 | 0834 | 0843 | 1.065 | 1.080
485 | NM_002829 PTPN3 0792 | 0815 | 0817 | 1257 | 0765 | 0682 | 0.630 | 1.065 | 1.198
486 | NM_153361 MGC42105 0909 | 0860 | 0922 | 0806 | 0.808 | 1.009 | 1.128 | 1.065 | 0.914
487 | NM_005030 PLK1 0382 | 0624 | 0414 | 0359 | 0493 | 0505 | 1.065 | 1.264 | 0.820
488 | NM_ 016123 IRAK4 1.080 | 0843 | 0858 | 0912 | 0793 | 1498 | 1.185 | 1.064 | 0573
489 | NM_145687 MAP4K4 1071 | 0994 | 0984 | 1.009 | 1.026 | 0.684 | 1.062 | 0968 | 1.438
490 | NM_032430 KIAAL811 0990 | 1.003 | 0855 | 1.102 | 1.024 | 0806 | 0.899 | 1.067 | 1.061
401 | NM_ 181677 PPP2R2B 0775 | 0846 | 0835 | 0808 | 0720 | 0787 | 0.960 | 1.160 | 1.061
492 | NM_002498 NEK3 0888 | 0799 | 0833 | 0838 | 0675 | 0840 | 1060 | 1.183 | 0.991
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
493 | NM_005393 PLXNB3 0847 | 0041 | 1110 | 0747 | 0888 | 1501 | 1.135 | 1.060 | 0.740
494 | NM_014264 PLK4 0929 | 1.000 | 0980 | 0877 | 0872 | 0985 | 1060 | 1.147 | 0.995
495 | NM_003390 WEE1 0842 | 0860 | 0634 | 0716 | 1.295 | 0598 | 1176 | 0664 | 1.060
496 | NM_033215 PPP1R3F 1028 | 1051 | 0715 | 1.262 | 0803 | 0675 | 0814 | 1.309 | 1.059
497 | NM_022128 RBKS 0792 | 1062 | 1012 | 0652 | 1.004 | 1.018 | 1215 | 1.058 | 0.994
498 | NM_005108 XYLB 0837 | 0850 | 1101 | 0877 | 0804 | 0965 | 0954 | 1.057 | 1.142
499 | NM_198532 C190r135 0852 | 1.048 | 0984 | 0852 | 0991 | 0882 | 1.000 | 1.057 | 1116
500 | NM_080917 DGUOK 0737 | 0845 | 0840 | 0332 | 0800 | 0851 | 2221 | 1.056 | 0.986
501 | NM_004783 TAO1 0887 | 0854 | 0929 | 0968 | 0.645 | 0880 | 0917 | 1.323 | 1.056
502 | NM_022075 FGFR2 0916 | 0786 | 0837 | 1.109 | 0585 | 0793 | 0825 | 1.345 | 1.056
503 | NM_005813 PRKCN 0832 | 0983 | 0993 | 0788 | 0740 | 1.010 | 1.056 | 1.329 | 0.983
504 NM—(’;’;MM DDR2 0799 | 0684 | 1.044 | 1143 | 0549 | 0989 | 0699 | 1.246 | 1.055
505 | NM_030952 SNARK 1034 | 1009 | 1117 | 0981 | 1077 | 0916 | 1054 | 0937 | 1.220
506 | NM_002350 LYN 0947 | 1.084 | 0989 | 0898 | 0942 | 0941 | 1.054 | 1.150 | 1.051
507 | NM_172109 AK2 0929 | 0957 | 0950 | 00957 | 0908 | 0725 | 0971 | 1.054 | 1310
508 | NM_ 016276 SGK2 0946 | 0807 | 0896 | 0838 | 0798 | 0851 | 1129 | 1.012 | 1.053
509 | NM_153050 MTMR3 0840 | 0693 | 0950 | 0798 | 0.614 | 0909 | 1.053 | 1128 | 1.045
510 | NM_001202 CLK3 0954 | 0900 | 0899 | 0006 | 1.174 | 0703 | 1.053 | 0767 | 1.279
511 | XM_047355 KIAAL765 0854 | 1.017 | 0895 | 0811 | 0939 | 0993 | 1.053 | 1.083 | 0.901
512 | NM_018979 PRKWNK1 1022 | 1058 | 0884 | 0970 | 0831 | 1106 | 1053 | 1273 | 0.799
S | 513 | NM_014413 HRI 0985 | 1171 | 0990 | 1.182 | 1.112 | 0923 | 0833 | 1.053 | 1.073
514 NM—oé’sl(’OGG RPS6KAL 083 | 0953 | 0869 | 0794 | 0742 | 1.101 | 1.053 | 1.283 | 0.790
515 | NM_002407 SCGB2A1 0945 | 1.048 | 1002 | 1.066 | 0529 | 0952 | 0886 | 1.982 | 1.052
516 | NM_030948 PHACTR1 0904 | 0969 | 1.002 | 0765 | 1.105 | 0952 | 1.182 | 0877 | 1.052
517 | NM_002037 FYN 1003 | 0921 | 0884 | 0508 | 1.002 | 0841 | 1972 | 0919 | 1.052
518 | NM_005044 PRKX 0817 | 0805 | 0824 | 0777 | 0356 | 1.044 | 1052 | 2265 | 0.789
519 | NM_ 177543 PPAP2C 0836 | 0873 | 0953 | 0531 | 0986 | 0906 | 1574 | 0885 | 1.051
520 NM—0851°251 CSNK1AL 0939 | 1.033 | 0960 | 0789 | 0983 | 0986 | 1190 | 1.051 | 0974
521 | NM_006724 MAP3K4 1221 | 0960 | 0986 | 0914 | 0913 | 1114 | 1336 | 1.051 | 0.885
522 NM—°f71°248 TGFBR2 1011 | 0935 | 0951 | 0817 | 0891 | 1125 | 1237 | 1050 | 0.845
523 | NM_002020 FLT4 0944 | 0864 | 0810 | 0899 | 0516 | 0942 | 1.050 | 1.676 | 0.861
524 | NM_006241 PPP1R2 0855 | 0933 | 0810 | 0451 | 0890 | 0783 | 1.897 | 1.049 | 1.034
525 | NM_006482 DYRK2 0975 | 0855 | 0868 | 0920 | 0.658 | 1.468 | 1049 | 1209 | 0591
526 | NM_005211 CSFIR 0948 | 1.030 | 1081 | 0786 | 0990 | 1.168 | 1.207 | 1.049 | 0925
527 | NM_006039 MRC2 0878 | 0968 | 0940 | 0885 | 0924 | 0896 | 0992 | 1.049 | 1.049
528 | NM_012403 ANP32C 0932 | 0978 | 0950 | 0599 | 0934 | 0968 | 1558 | 1.048 | 0.982
520 | NM_033508 GCK 0803 | 0827 | 0767 | 0695 | 0789 | 1.046 | 1156 | 1.047 | 0.733
530 | NM_006622 PLK2 1075 | 0884 | 0905 | 0727 | 0845 | 1.050 | 1480 | 1.046 | 0.862
531 | NM_014634 PPMIF 0940 | 0901 | 0909 | 0625 | 0.862 | 0871 | 1504 | 1.046 | 1.044
532 | NM_145059 FUK 0926 | 1.031 | 0895 | 1.020 | 0925 | 0856 | 0908 | 1.115 | 1.046
533 | NM_005443 PAPSS1 1002 | 0917 | 1.048 | 0655 | 0877 | 1.955 | 1530 | 1.045 | 0.536
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
534 | NM_002446 MAP3K10 0940 | 0964 | 0949 | 0722 | 1241 | 0908 | 1301 | 0776 | 1.045
535 | NM_198527 MGC45386 | 0783 | 0823 | 0898 | 0724 | 0890 | 0859 | 1.081 | 0925 | 1.045
536 | XM 370939 | LOC388221 | 0.877 | 0.888 | 0843 | 0839 | 1491 | 0739 | 1.044 | 0596 | 1.140
537 | NM_052827 CDK2 0979 | 09013 | 0653 | 0964 | 0875 | 0428 | 1016 | 1.044 | 1528
538 | NM_021923 FGFRL1 0938 | 1133 | 0773 | 1.237 | 1085 | 0592 | 0758 | 1.044 | 1.306
539 | NM_003557 PIPSK1A 0943 | 0927 | 0989 | 1.115 | 0705 | 0948 | 0846 | 1315 | 1.043
540 | NM_020630 RET 0792 | 0683 | 0895 | 1.116 | 0.605 | 0858 | 0709 | 1.129 | 1.043
541 | NM_014931 KIAA1115 0931 | 0955 | 0914 | 1198 | 0.898 | 0877 | 0777 | 1.064 | 1.043
542 | NM_016281 JIK 0820 | 0972 | 1206 | 1.137 | 0933 | 0933 | 0721 | 1042 | 1.202
543 | NM_001274 CHEK1 0963 | 1.030 | 1015 | 0858 | 0989 | 1.233 | 1122 | 1042 | 0823
544 | NM_001825 CKMT2 0936 | 0884 | 0922 | 0987 | 0498 | 0886 | 0949 | 1774 | 1.040
545 | NM_006384 ciB1 0900 | 0744 | 1014 | 0867 | 0591 | 1.050 | 1038 | 1259 | 0.965
546 | NM_007314 ABL2 0834 | 0817 | 0927 | 0523 | 0787 | 1.003 | 159 | 1.038 | 0925
547 | NM_015716 MINK 0883 | 1.050 | 1.057 | 0876 | 1.012 | 0323 | 1.008 | 1.038 | 3272
548 | NM_004329 BMPRIA 0989 | 0998 | 0938 | 0693 | 0963 | 1.173 | 1427 | 1.037 | 0.800
549 | NM_004537 NAP1L1 0880 | 0946 | 0920 | 0841 | 0939 | 0898 | 1.047 | 1.008 | 1.035
550 | NM_033066 MPP4 0968 | 1.105 | 0946 | 1.155 | 0.948 | 0916 | 0838 | 1.165 | 1.033
551 NM—°5°71°33° BAIAPL 0962 | 0868 | 1.006 | 1.227 | 0841 | 0874 | 0784 | 1.032 | 1151
552 | XM 373298 | LOC392347 | 0934 | 0962 | 0933 | 0905 | 0873 | 1128 | 1.032 | 1102 | 0.827
553 | NM_022485 FLJ22405 0803 | 0886 | 0741 | 0778 | 1.126 | 0642 | 1.031 | 0787 | 1.154
S | 554 | NM_017607 PPPIR12C | 0959 | 0880 | 1.011 | 0.830 | 0854 | 1.032 | 1156 | 1.031 | 0.979
555 | XM 496862 | LOCA441215 | 0712 | 0.857 | 0798 | 0691 | 0632 | 1.003 | 1.031 | 1.355 | 0.730
556 NM—°A§’21°252 IRAKL 0929 | 0905 | 0826 | 0843 | 1.156 | 0802 | 1102 | 0782 | 1.030
557 | XM 375632 | LOC400708 | 0.861 | 0793 | 0824 | 0923 | 0770 | 0792 | 0933 | 1.030 | 1.041
s | NM-OP10180 EPM2A 0787 | 0779 | 0832 | 0835 | 0757 | 0560 | 0942 | 1.029 | 1.463
550 | NM_017677 MTMRS 0905 | 0900 | 0922 | 0880 | 0950 | 0872 | 1028 | 0958 | 1.057
560 | NM_001278 CHUK 0948 | 0896 | 0883 | 0877 | 0872 | 0884 | 1082 | 1.027 | 0998
561 | NM_024876 ADCK4 0917 | 0942 | 0868 | 0808 | 0918 | 0968 | 1.135 | 1.027 | 0.896
562 | NM_001222 CAMK2G 0996 | 0946 | 1074 | 0886 | 1503 | 1.046 | 1124 | 0629 | 1.026
563 | NM_004586 RPS6KA3 1147 | 0998 | 1.014 | 0906 | 1.017 | 0989 | 1266 | 0982 | 1.025
564 | NM_014238 | XM 200793 | 0.878 | 0924 | 0818 | 0857 | 0957 | 0489 | 1.024 | 0965 | 1.673
565 | NM_004670 PAPSS2 1007 | 0832 | 1.003 | 0790 | 0813 | 0983 | 1274 | 1.024 | 1.020
566 | NM_006488 KHK 0753 | 0801 | 0837 | 1.035 | 0783 | 0448 | 0727 | 1.024 | 1.868
567 | NM_002044 GALK2 1059 | 1.002 | 1.002 | 1.035 | 1.003 | 0846 | 1024 | 0916 | 1.184
568 | NM_005374 MPP2 0926 | 0817 | 0828 | 00904 | 0821 | 0581 | 1.024 | 0996 | 1.425
569 | NM_001249 ENTPD5 0906 | 0947 | 0875 | 0813 | 0926 | 1.066 | 1115 | 1.023 | 0821
570 | NM_145910 NEK11 0897 | 0760 | 1031 | 0878 | 0756 | 0950 | 1.022 | 1.006 | 1.085
571 | NM_004577 PSPH 0904 | 0819 | 0762 | 0.885 | 0.635 | 1.153 | 1.022 | 1.289 | 0.661
572 | NM_004690 LATSL 0853 | 0951 | 1.050 | 0.835 | 1.238 | 0853 | 1.021 | 0768 | 1.231
573 | NM_003177 SYK 0791 | 0015 | 0912 | 0648 | 0904 | 0894 | 1219 | 1012 | 1.020
574 | NM_000291 PGK1 0846 | 0880 | 0902 | 0928 | 0863 | 0770 | 0912 | 1020 | 1171
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
575 | NM_020922 PRKWNK3 0890 | 1.126 | 0942 | 0975 | 0881 | 0924 | 0912 | 1278 | 1.020
576 NM—°7°51°°18 NYD-SP25 0864 | 0880 | 0935 | 1.039 | 0561 | 0917 | 0832 | 1568 | 1.019
577 | NM_003629 PIK3R3 0808 | 0844 | 0842 | 1101 | 0828 | 0526 | 0733 | 1019 | 1.602
578 | NM_173641 FLJ33655 0948 | 1.000 | 1.062 | 0454 | 0982 | 1201 | 2087 | 1010 | 0822
579 | NM_007240 DUSP12 0838 | 0948 | 0826 | 1215 | 0880 | 0.811 | 0.690 | 1.076 | 1.018
580 | XM_496234 LOC440451 | 0845 | 0958 | 0912 | 0848 | 0941 | 0889 | 00996 | 1.018 | 1.026
s | NM-0010040 GRK4 0744 | 0731 | 0772 | 0731 | 0374 | 0873 | 1018 | 1953 | 0884
582 | NM_004538 NAP1L3 0939 | 0801 | 0887 | 0911 | 0824 | 0871 | 1031 | 0973 | 1018
583 | NM_198465 NRK 0833 | 0866 | 0913 | 0819 | 1.364 | 0882 | 1.017 | 0635 | 1.035
584 | NM_001631 ALPI 0910 | 0899 | 0891 | 1.028 | 0885 | 0590 | 0.885 | 1.017 | 1510
585 | NM_014586 HUNK 0962 | 0952 | 0986 | 1.045 | 0936 | 0746 | 00921 | 1016 | 1.321
586 | NM_173354 SNF1LK 0886 | 0952 | 0912 | 0862 | 0.982 | 0898 | 1028 | 0969 | 1.016
587 | NM_001203 BMPR1B 0919 | 0965 | 0938 | 1.047 | 0951 | 0860 | 0.878 | 1.015 | 1.091
588 | NM_109255 TPTE2 0773 | 0857 | 0869 | 0381 | 1.010 | 0856 | 2027 | 0849 | 1.015
589 | NM_139014 MAPK14 1.008 | 0808 | 0938 | 1.014 | 1.153 | 0925 | 1.082 | 0701 | 1.015
500 | NM_006218 PIK3CA 1.000 | 0988 | 1059 | 00987 | 0944 | 1158 | 1.013 | 1.047 | 0915
501 | NM_001894 CSNK1E 1019 | 1014 | 1010 | 1.007 | 1010 | 0932 | 1.013 | 1.004 | 1.084
o | 5% | nw_oozess PIK3C2B 0927 | 0877 | 0862 | 0971 | 0867 | 0755 | 0.955 | 1012 | 1.141
| se3 | nm_oooiso HK2 0683 | 0834 | 0828 | 0365 | 0825 | 0824 | 1870 | 1.012 | 1.004
504 | NM_032960 MAPKAPK2 | 0895 | 0895 | 0994 | 0886 | 0920 | 0560 | 1.010 | 0964 | 1.774
595 | NM_005424 TIE 0919 | 0873 | 0866 | 0781 | 1.000 | 0857 | 1.177 | 0.873 | 1010
596 | NM_004579 MAP4K2 0863 | 0827 | 1061 | 1711 | 0677 | 1.052 | 0504 | 1.221 | 1.009
597 | NM_018492 TOPK 0951 | 1.030 | 1.067 | 0860 | 1.050 | 1.059 | 1.106 | 0.981 | 1.008
508 | NM_007313 ABLL 1.008 | 1.001 | 0974 | 0553 | 1.196 | 0967 | 1.822 | 0.837 | 1.008
599 | NM_016508 CDKL3 1131 | 1105 | 1089 | 1177 | 0980 | 1081 | 0961 | 1117 | 1.007
600 | NM_002082 GRK6 0770 | 0882 | 1.080 | 1075 | 0728 | 1072 | 0717 | 1211 | 1007
601 | NM_013254 TBK1 0878 | 0935 | 0753 | 0872 | 1.303 | 0646 | 1007 | 0718 | 1.166
602 | NM_016735 LIMK1 0993 | 1115 | 0974 | 0986 | 0875 | 1124 | 1007 | 1275 | 0.867
603 | NM_001743 CALM2 0902 | 1.080 | 1.048 | 1226 | 1.066 | 1.040 | 0736 | 1.013 | 1.007
604 | NM_007284 PTKOL 1.038 | 0904 | 0968 | 0099 | 1.001 | 0.962 | 1.039 | 0.904 | 1.007
605 | NM_003215 TEC 1038 | 0923 | 0929 | 1.032 | 0803 | 1.081 | 1.005 | 1.149 | 0.859
606 | NM_012003 AKS 1071 | 1081 | 1.000 | 1.005 | 0885 | 0998 | 0978 | 1.220 | 1.002
607 | NM_014791 MELK 0900 | 0934 | 0960 | 0899 | 1.179 | 0948 | 1002 | 0793 | 1.013
608 | NM_002716 PPP2R1B 0886 | 0.786 | 0.898 | 0559 | 0.948 | 0897 | 1586 | 0.820 | 1.001
609 | NM_170678 ITGB1BP3 0880 | 1.032 | 0838 | 0977 | 1.031 | 0772 | 0901 | 1.001 | 1.086
610 | NM_001721 BMX 1008 | 1.137 | 0837 | 1188 | 0559 | 0.836 | 0924 | 2034 | 1.001
611 | NM_014215 INSRR 0967 | 0953 | 0869 | 0876 | 0972 | 0870 | 1.104 | 0.981 | 0.999
612 | NM_004560 ROR2 0954 | 0969 | 1.011 | 0972 | 0972 | 0969 | 0.982 | 0.998 | 1.043
S | 613 | NM_002612 PDK4 0843 | 1.084 | 0788 | 0845 | 0351 | 1152 | 0997 | 3.090 | 0.684
614 | NM_003646 DGKZ 0838 | 0952 | 0825 | 0873 | 0955 | 0791 | 0.961 | 0997 | 1.043
615 | NM_207578 PRKACB 0950 | 0.777 | 0844 | 0953 | 0674 | 1245 | 0907 | 1152 | 0.678
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
616 | NM_022474 MPP5 0911 | 0739 | 1070 | 0650 | 0742 | 1.350 | 1401 | 0997 | 0.788
617 | NM_002595 PCTK2 1022 | 1031 | 0943 | 0686 | 1.036 | 1.067 | 149 | 0995 | 0.884
618 | NM_012301 AIP1 0913 | 0900 | 0769 | 1.007 | 0914 | 0541 | 0832 | 0995 | 1.422
619 NM—oé’llosm LIMK2 0884 | 1100 | 1137 | 0889 | 1.141 | 0802 | 0994 | 0972 | 1.418
620 | NM_000875 IGFIR 0882 | 0037 | 1.049 | 1.393 | 0943 | 0558 | 0633 | 0994 | 1.880
621 | NM_004073 PLK3 0853 | 0934 | 0922 | 0885 | 0349 | 0920 | 0963 | 2677 | 0992
622 | NM_006401 ANP328B 0968 | 0864 | 0875 | 0976 | 1015 | 0437 | 0992 | 0851 | 2.001
623 | NM_006285 TESKL 0897 | 0779 | 0923 | 0007 | 0332 | 0979 | 0990 | 2342 | 0944
624 | NM_020778 MIDORI 1006 | 0972 | 1.053 | 0809 | 1.001 | 1.064 | 1243 | 0971 | 0.990
625 | NM_173588 FLI37794 0858 | 0862 | 0915 | 1.218 | 0679 | 0925 | 0705 | 1270 | 0.989
626 | XM 495000 | LOC399969 | 1.002 | 0.756 | 0.854 | 0830 | 0.764 | 1.417 | 1.208 | 0.989 | 0.603
627 | NM_ 004635 | MAPKAPK3 | 1.133 | 1.073 | 0953 | 0747 | 1357 | 0964 | 1516 | 0791 | 0.989
628 | NM_024652 LRRK1 0922 | 0758 | 0859 | 1.164 | 0767 | 0863 | 0792 | 0989 | 0.996
620 | NM_173515 MAGI1 0975 | 0798 | 1036 | 0986 | 0769 | 1.203 | 0989 | 1.039 | 0.861
630 | NM_003954 MAP3K14 1043 | 0881 | 0899 | 0935 | 1078 | 0910 | 1115 | 0817 | 0.988
631 | NM_002742 PRKCM 0924 | 1022 | 1015 | 0758 | 1400 | 1.027 | 1218 | 0730 | 0.988
632 | NM 017525 | HSMDPKIN | 0.874 | 1.082 | 0911 | 0640 | 1095 | 0999 | 1.366 | 0.988 | 0.912
633 | XM_038150 MAST3 1039 | 0919 | 0922 | 0748 | 0931 | 0946 | 1388 | 0.988 | 0.975
634 | NM_024046 MGC8407 0753 | 1133 | 0969 | 0430 | 1.147 | 1211 | 1752 | 0987 | 0.800
635 | NM_005391 PDK3 0866 | 0809 | 0795 | 0507 | o861 | 0807 | 1708 | 0939 | 0.985
S | 636 | NM_022740 HIPK2 0840 | 0788 | 0920 | 0853 | 0.602 | 0980 | 0985 | 1.308 | 0.940
637 | NM_033141 MAP3K9 0844 | 0870 | 0878 | 0604 | 0883 | 0923 | 1.397 | 0985 | 0951
638 | NM_001744 CAMK4 0863 | 09075 | 0848 | 0597 | 1.036 | 0861 | 1.446 | 0941 | 0.985
639 | NM_030920 ANP32E 0958 | 0993 | 0942 | 0663 | 1.009 | 1.058 | 1.445 | 0984 | 0.801
640 | NM_183246 PHACTRS 0884 | 0755 | 0921 | 0899 | 0793 | 0469 | 0983 | 0951 | 1.965
641 | NM_017567 NAGK 0857 | 0982 | 0914 | 1.020 | 0999 | 0642 | 0840 | 0983 | 1424
642 | XM 498286 | LOC392226 | 0915 | 0.893 | 0942 | 1.037 | 0880 | 0950 | 0.882 | 1.015 | 0.983
643 | NM_031272 TEX14 0837 | 0906 | 0778 | 1.332 | 0922 | 0731 | 0629 | 0983 | 1.064
644 | XM_055866 LMTK3 1022 | 0893 | 0960 | 1.040 | 0676 | 1.040 | 0983 | 1321 | 0923
645 | NM_133646 ZAK 0860 | 0880 | 0866 | 0.801 | 0.895 | 0982 | 1.074 | 0982 | 0881
6ap | NM-0010335 PRKCZ 0812 | 0825 | 0909 | 0826 | 1063 | 0821 | 0982 | 0776 | 1.108
647 | NM_145695 DGKB 0844 | 0845 | 0735 | 1.014 | 0675 | 0749 | 0833 | 1251 | 0981
648 | NM_002526 NTSE 0924 | 0864 | 0844 | 0942 | 0844 | 0962 | 0981 | 1.024 | 0878
6ag | NM-0010058 ERBB2 0921 | 1.000 | 0991 | 1.025 | 1029 | 0850 | 0898 | 0980 | 1.165
650 | NM_052047 HAK 0958 | 0991 | 0885 | 1.026 | 0579 | 0904 | 0933 | 1711 | 0979
651 | NM_ 153757 NAP1L5 0788 | 0931 | 0960 | 0554 | 1.000 | 0981 | 1424 | 0931 | 0979
652 | NM_002648 PIM1 0843 | 1147 | 1140 | 0970 | 1172 | 0887 | 0869 | 0979 | 1.285
653 | NM_004938 DAPK1 0982 | 0847 | 0787 | 1.004 | 0936 | 0780 | 0978 | 0905 | 1.009
654 | NM_153640 PANK2 0859 | 0922 | 0933 | 0846 | 1.125 | 0954 | 1.015 | 0820 | 0978
655 | NM_005969 NAP1L4 0903 | 0848 | 0828 | 0924 | 1069 | 0718 | 0978 | 0793 | 1.153
656 | NM_002447 MSTIR 0788 | 0956 | 1049 | 1.012 | 0978 | 0939 | 0779 | 0978 | 1117
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
657 | NM_003159 CDKL5 0944 | 1027 | 0962 | 1217 | 1051 | 0718 | 0776 | 0977 | 1339
658 NM_022126 LHPP 0897 | 0752 | 0954 | 0724 | 1070 | 0977 | 1240 | 0703 | 0.977
659 | XM_293203 BMP2KL 1057 | 1133 | 0984 | 0718 | 2281 | 1.008 | 1471 | 0.497 | 0.976
660 | NM_130474 MADD 1128 | 0910 | 0912 | 1156 | 1.027 | 0839 | 0976 | 0.886 | 1.088
661 | NM_003328 TXK 0917 | 0962 | 1.037 | 0940 | 1.045 | 0764 | 0976 | 0921 | 1.359
662 | NM_002754 MAPK13 0778 | 0717 | 0980 | 0796 | 0743 | 1.014 | 0977 | 0965 | 0.975
663 | NM_182493 LOC91807 0956 | 1.138 | 1.008 | 0825 | 1.167 | 1280 | 1159 | 0975 | 0787
664 NM_198585 UNQ2492 0923 | 0801 | 0876 | 1.197 | 0.628 | 0899 | 0771 | 1.274 | 0975
665 | NM_016507 CRK7 1014 | 1069 | 1.086 | 1161 | 1.097 | 1.049 | 0874 | 0975 | 1.035
666 NM_003011 SET 0945 | 0977 | 0952 | 1124 | 0561 | 0978 | 0841 | 1744 | 0.973
667 | NM_002760 PRKY 0910 | 0823 | 0816 | 0724 | 1026 | 0839 | 1257 | 0802 | 0972
668 | NM_052853 ADCK2 0969 | 0.874 | 0876 | 0998 | 1.019 | 0831 | 0971 | 0858 | 1.054
o | e | nm_ooa110 HCK 0754 | 0913 | 0793 | 0891 | 0.854 | 0817 | 0847 | 1070 | 0.970
| 670 | nm_o1a916 LMTK2 1021 | 0865 | 0910 | 1.019 | 0892 | 1.083 | 1.002 | 0970 | 0.840
671 | NM_003821 RIPK2 0862 | 0942 | 0915 | 0889 | 0741 | 1197 | 0969 | 1.271 | 0765
672 NM_005167 MGC19531 0820 | 0754 | 0820 | 1113 | 0778 | 0572 | 0744 | 0969 | 1.448
673 | xM_370878 KIAA2002 1001 | 1.002 | 0938 | 138 | 1.034 | 0830 | 0722 | 0969 | 1.130
674 | NM_138981 MAPK10 0821 | 0849 | 0912 | 0847 | 1.325 | 0778 | 0969 | 0640 | 1.173
675 NM_005808 CTDSPL 0826 | 0917 | 0829 | 1405 | 0.006 | 0858 | 0588 | 1.012 | 0.966
676 | NM_002019 FLTL 1011 | 0866 | 0.855 | 1.047 | 0757 | 0966 | 0.966 | 1.144 | 0.885
677 NM_014214 IMPA2 0711 | 0730 | 0952 | 0733 | 1.243 | 0986 | 0971 | 0587 | 0965
678 NM_005340 HINTL 0872 | 0844 | 0818 | 0904 | 0269 | 0860 | 0965 | 3.143 | 0950
679 | NM_001319 CSNK1G2 1035 | 1.143 | 1.016 | 1.075 | 1.204 | 0.861 | 0.963 | 0950 | 1.180
680 | NM_021135 RPS6KA2 0791 | 0933 | 0941 | 0821 | 1074 | 0817 | 0963 | 0869 | 1.151
681 | NM_001184 ATR 1.000 | 0995 | 1.002 | 1149 | 1.034 | 1008 | 0870 | 0962 | 0.993
682 | NM_002759 PRKR 0828 | 0.883 | 1.044 | 0886 | 0919 | 0841 | 0934 | 0962 | 1242
683 | NM_138687 PIP5K2B 0809 | 0901 | 0942 | 1123 | 0938 | 0587 | 0720 | 0.961 | 1.603
684 NM_016086 MK-STYX 0801 | 0.869 | 0784 | 0695 | 1.167 | 0817 | 1152 | 0745 | 0959
685 | NM_014975 MAST1 0923 | 0803 | 0969 | 0963 | 0334 | 1179 | 0959 | 2407 | 0822
686 NM_002481 PPP1R12B 1.006 | 1.026 | 0934 | 0625 | 1.070 | 1.056 | 1.610 | 0959 | 0.884
687 | NM_004836 EIF2AK3 0866 | 0952 | 1.095 | 0920 | 0994 | 0802 | 0941 | 0958 | 1.366
688 NM_002710 PPP1CC 0815 | 0909 | 0924 | 0851 | 0770 | 0997 | 0957 | 1180 | 0927
689 | NM_015000 STK38L 0885 | 0962 | 0858 | 0924 | 0993 | 0913 | 0957 | 0.969 | 0.939
Q| 690 | NM_182398 RPS6KAS 0944 | 0892 | 0870 | 0900 | 0932 | 1455 | 1.040 | 0957 | 0508
691 NM_152224 PPEF1 0823 | 0904 | 0870 | 0628 | 1.179 | 0910 | 1310 | 0766 | 0.956
692 | NM_013410 AK3 0858 | 0.896 | 0.893 | 0897 | 1.052 | 0568 | 0956 | 0.852 | 1572
693 | NM_153499 CAMKK2 0884 | 083 | 0968 | 0961 | 0328 | 1.013 | 0920 | 2546 | 0.956
694 | NM_002673 PLXNB1 0994 | 0908 | 1.078 | 1.137 | 0892 | 1129 | 0874 | 1.018 | 0955
695 NM_018312 Cliorf23 0860 | 0935 | 0916 | 0953 | 0445 | 0959 | 00902 | 2.103 | 0.954
696 | NM_178813 AKAP28 0882 | 0938 | 0872 | 0927 | 0923 | 0927 | 0951 | 1016 | 0.940
697 NM_012404 ANP32D 0931 | 0988 | 0833 | 0980 | 0.892 | 1178 | 0950 | 1.107 | o0.707
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
698 | NM_004901 ENTPD4 0856 | 0.870 | 0.802 | 0901 | 0.896 | 0936 | 0950 | 0971 | 0856
699 | NM_001381 DOK1 0872 | 0858 | 0772 | 0918 | 0517 | 0871 | 0950 | 1.658 | 0.886
700 | NM_024888 FLJ11535 0795 | 0.650 | 0994 | 0670 | 0.686 | 1.079 | 1.186 | 0.948 | 0.921
701 | NM_139354 MATK 0925 | 0941 | 0934 | 0979 | 0997 | 0932 | 0945 | 0944 | 1.002
702 | NM_152619 MGC45428 0968 | 0.878 | 0869 | 1.026 | 1.004 | 0804 | 0944 | 0875 | 1.081
703 | NM_133494 NEK7 0976 | 0.865 | 0868 | 0920 | 1.372 | 0920 | 1.061 | 0631 | 0.944
o | 7o | Nwmoiszst KIAA0431 0952 | 1.066 | 0636 | 1.040 | 1.130 | 0460 | 0916 | 0944 | 1.384
"1 705 | nmoz21ss FN3K 0824 | 0845 | 0847 | 0873 | 0497 | 1128 | 0943 | 1700 | 0751
706 | NM_003948 CDKL2 0806 | 0799 | 0928 | 0983 | 0723 | 0984 | 0820 | 1.106 | 0.943
707 | NM_000051 ATM 1.004 | 0984 | 0964 | 1201 | 0472 | 1.023 | 0835 | 2086 | 0.943
708 | XM_496125 LOC440345 | 0799 | 0.818 | 1.010 | 0.848 | 0678 | 1725 | 0942 | 1.206 | 0.585
700 | NM_032002 PPP1R16A 0875 | 1.028 | 0808 | 0928 | 1.027 | 1059 | 0942 | 1001 | 0.763
710 | XM_379927 PLXNA4A 0992 | 0976 | 1.072 | 1.335 | 0844 | 1138 | 0744 | 1156 | 0.942
711 | NM_005476 GNE 0955 | 0987 | 0976 | 1.055 | 1.049 | 0669 | 0905 | 0941 | 1.458
712 | NM_145862 CHEK2 0946 | 0876 | 0886 | 0886 | 0931 | 1.028 | 1.068 | 0940 | 0.862
713 NM—050910300 PPAPDCIA | 0762 | 0849 | 0761 | 0810 | 1.296 | 0337 | 0940 | 0.655 | 2261
714 | NM_004431 EPHA2 0963 | 0981 | 0869 | 1.024 | 0752 | 1.020 | 0940 | 1.305 | o0.852
715 | NM_003957 STK29 0837 | 0879 | 0931 | 0985 | 0936 | 0975 | 0850 | 0939 | 0955
716 NM—°:;°°37 LYKS5 1012 | 1061 | 0931 | 1.114 | 1131 | 0.940 | 0908 | 0.938 | 0.990
717 | NM_022133 SNX16 1031 | 1010 | 1.038 | 1100 | 0776 | 1.187 | 0.938 | 1.301 | 0.874
718 | NM_002011 FGFR4 0923 | 0987 | 1140 | 1513 | 1.053 | 0621 | 0610 | 0937 | 1.836
719 | NM_004734 DCAMKL1 0981 | 1.060 | 0985 | 1.268 | 0.894 | 1051 | 0773 | 1.187 | 0037
720 | NM_002650 PIK4CA 0920 | 0953 | 0912 | 0709 | 1.017 | 1183 | 1208 | 0937 | 0.771
721 | NM_020416 PPP2R2C 0807 | 0845 | 0837 | 0690 | 0999 | 0894 | 1.169 | 0845 | 0936
722 | NM_001105 ACVR1 0879 | 0958 | 0966 | 0939 | 0.682 | 1.104 | 0936 | 1.404 | 0875
723 | NM_176865 PPA2 0846 | 0798 | 0923 | 0904 | 1.031 | 0874 | 0935 | 0775 | 1055
724 | NM_130436 DYRK1A 0938 | 0845 | 0821 | 0743 | 0904 | 1342 | 1262 | 0935 | 0612
8 | 725 | NM_031965 GSG2 0921 | 0993 | 0913 | 0985 | 1.204 | 0767 | 0935 | 0825 | 1.190
726 | NM_152649 FLJ34389 0980 | 0859 | 0883 | 0773 | 1.258 | 0944 | 1268 | 0683 | 0935
727 | NM_174922 ADCK5 0833 | 0901 | 0811 | 0919 | 0964 | 0472 | 0906 | 0934 | 1718
728 | NM_004614 TK2 0866 | 0918 | 1.075 | 0691 | 0998 | 1.151 | 1.253 | 0920 | 0934
729 | NM_144714 FLJ25449 0820 | 0925 | 0803 | 0696 | 0992 | 1311 | 1101 | 0933 | 0612
730 | NM_004441 EPHB1 0876 | 0788 | 0.801 | 1.065 | 0.846 | 0600 | 0.822 | 0932 | 1336
731 | NM_002221 ITPKB 0812 | 0950 | 0.882 | 1.005 | 0.634 | 0946 | 0807 | 1.498 | 0.932
732 | NM_002764 PRPS1 09690 | 0784 | 0930 | 0752 | 0844 | 1.047 | 1280 | 0920 | 0.888
733 | NM_152230 IPMK 0921 | 0933 | 0917 | 0734 | 1005 | 1.043 | 1254 | o0.928 | 0.879
734 | NM_173598 KSR2 0887 | 0903 | 0882 | 0955 | 1.000 | 0751 | 0928 | o828 | 1175
735 | NM_005012 ROR1 0985 | 0978 | 0955 | 1.000 | 1.054 | 1.446 | 0985 | 0927 | 0.661
736 | NM_001291 CLK2 1019 | 0917 | 0925 | 1179 | 0989 | 0.807 | 0864 | 0927 | 1.146
737 | XM_372002 LOC389599 | 0.857 | 0.892 | 0854 | 0815 | 0963 | 1121 | 1.051 | 0926 | 0.761
738 | NM_004570 PIK3C2G 0937 | 0796 | 0996 | 0953 | 1.020 | 1076 | 0983 | 0774 | 0.926

266




rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
739 | NM_206961 LTK 0783 | 0857 | 0879 | 0626 | 0926 | 1278 | 1.251 | 0.926 | 0.688
740 | NM_006648 PRKWNK2 0486 | 1.093 | 0838 | 0570 | 1.181 | 0893 | 0852 | 0926 | 0.939
741 | NM_052902 STK11IP 0886 | 1.028 | 0897 | 0998 | 1.111 | 0691 | 0888 | 0925 | 1.207
742 | NM_004304 ALK 0884 | 0981 | 0870 | 0973 | 0785 | 0941 | 0008 | 1.240 | 0.925
743 | NM_030906 STK33 0958 | 0881 | 0916 | 0735 | 0987 | 0990 | 1.303 | 0.892 | 0.924
744 | NM_031417 MARK4 0942 | 1.007 | 1.034 | 0788 | 1080 | 1508 | 1.195 | 0924 | 0.686
S | 745 | NM_oo411e FLT3 1010 | 1.000 | 0851 | 1.092 | 0861 | 1431 | 0924 | 1161 | 0.595
746 | NM_033116 NEK9 0726 | 0942 | 0908 | 0786 | 0.825 | 1.087 | 0923 | 1141 | 0835
747 | NM_005536 IMPAL 0894 | 0837 | 0960 | 1.072 | 0907 | 0838 | 0832 | 0923 | 1146
748 | NM_002610 PDK1 0974 | 1001 | 1131 | 1055 | 1.301 | 0920 | 0923 | 0769 | 1.220
749 | XM_200923 KIAAL639 1027 | 0936 | 0772 | 1.114 | 0846 | 0870 | 0923 | 1.106 | 0.888
750 | NM_oiseos | DNFEEROOKOS | ogp0 | 0952 | 0804 | 0896 | 1374 | 0843 | 0920 | 0693 | 0.954
751 | NM_004972 JAK2 0967 | 1129 | 0847 | 1051 | 0763 | 0995 | 0920 | 1481 | 0.851
752 | NM_003503 cpc? 0940 | 1.017 | 1.030 | 1.024 | 1.108 | 0975 | 0.018 | 0.918 | 1.056
753 | NM_002958 RYK 0942 | 1010 | 0956 | 0677 | 1.465 | 1.041 | 13901 | 0.680 | 0.918
754 | NM_000208 PKLR 0886 | 1.026 | 1.071 | 1370 | 1.118 | 0915 | 0.647 | 0018 | 1171
755 | NM_006251 PRKAAL 0915 | 0858 | 0939 | 0997 | 0665 | 1.134 | 0.918 | 1201 | 0.828
756 | NM_025164 KIAA0999 1106 | 0933 | 1.005 | 0.814 | 1.085 | 1.096 | 1.360 | 0.859 | 0.917
757 NM—°7°11°°16 FLI16518 0802 | 0921 | 0976 | 0589 | 1.005 | 1278 | 1361 | 0917 | 0.764
758 | NM_021221 LY6G5B 0932 | 0925 | 0799 | 1204 | 1000 | 0785 | 0720 | 0917 | 1019
750 | XM_497470 PRKXP1 0911 | 0994 | 0980 | 1.023 | 1.085 | 1.044 | 0891 | 0.916 | 0.938
760 | NM_016223 PACSIN3 0909 | 0919 | 0945 | 0833 | 1.020 | 1.033 | 1001 | 0893 | 0915
761 | NM_005398 PPP1R3C 0862 | 0985 | 0943 | 0942 | 0835 | 1278 | 0915 | 1.180 | 0.738
762 | NM_006575 MAP4K5 0565 | 0821 | 0849 | 0327 | 0898 | 0952 | 1.730 | 0914 | 0.892
763 | NM_006314 CNKSR1 0971 | 0888 | 0893 | 1.062 | 1.177 | 0862 | 0914 | 0754 | 1.037
764 | NVLOOMO98 10163404 | 0897 | 0822 | 1024 | 0852 | 0946 | 1122 | 1052 | 0869 | 0913
o | e NM_0010020 PFEKL 0964 | 0988 | 0925 | 0895 | 1082 | 1.030 | 1.077 | 0913 | 0.899
Y| 766 | nm_oo2003 GSK3B 0817 | 0827 | 0891 | 0921 | 0711 | 0977 | 0887 | 1164 | 0012
767 | XM_497647 Loca41868 | 0851 | 0.898 | 0.889 | 0934 | 0957 | 1.058 | 0911 | 0938 | 0.840
768 | NM_012145 DTYMK 1051 | 1.031 | 1037 | 0515 | 1147 | 1138 | 2041 | 0899 | 0911
769 | NM_145040 PRKCDBP 1072 | 0858 | 0900 | 1.178 | 0814 | 1312 | 0910 | 1.054 | 0.686
770 | NM_001611 ACP5 0767 | 0822 | 0680 | 0843 | 1.235 | 0514 | 0910 | 0666 | 1.323
771 | NM_025233 COASY 1019 | 0954 | 0986 | 0778 | 1.143 | 1086 | 1.310 | 0.835 | 0.909
772 | NM_148978 PANKL 0939 | 0954 | 0912 | 1231 | 1.050 | 0860 | 0.763 | 0.08 | 1.060
773 | NM_000245 MET 0883 | 0978 | 0870 | 0841 | 1.077 | 0982 | 1050 | 0.908 | 0.887
774 | NM_181690 AKT3 0813 | 0850 | 0998 | 1.079 | 0936 | 1.046 | 0753 | 0907 | 0.954
775 NM_Oé)510095 CDKL4 0909 | 0883 | 0990 | 1.128 | 0857 | 1001 | 0806 | 1.030 | 0.907
776 | NM_018984 SSH1 0873 | 1.000 | 0864 | 0962 | 1.205 | 0447 | 0907 | 0830 | 1.933
777 | NM_001632 ALPP 0824 | 0756 | 0807 | 0908 | 0998 | 0.827 | 0907 | 0758 | 0.975
778 | NM_018276 SSH3 0853 | 0933 | 0882 | 1107 | 0788 | 0973 | 0713 | 1.185 | 0.906
779 | NM_018339 RFK 0968 | 1.080 | 0798 | 1.068 | 1.032 | 0923 | 0.006 | 1.046 | 0.865
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
780 | NM_080823 SRMS 0603 | 0735 | 0875 | 0573 | 0811 | 1.012 | 1.200 | 0905 | 0.864
781 | NM_014602 PIK3R4 1.046 | 0944 | 1.063 | 0953 | 1.089 | 1.175 | 1.098 | 0.867 | 0.905
782 | NM_000215 JAK3 0853 | 0884 | 0994 | 1181 | 0978 | 0747 | 0722 | 0904 | 1.330
783 | NM_014371 AKAPSL 0798 | 1.030 | 0730 | 0884 | 0836 | 0870 | 0903 | 1.232 | 0.850
784 | XM_496630 LOC442075 | 0886 | 0.998 | 0987 | 0984 | 1.428 | 0766 | 0001 | 0699 | 1.288
2 | 785 | NM_00s605 PPP3CC 0792 | 0720 | 0980 | 0879 | 1.004 | 0903 | 0901 | 0717 | 1085
786 | NM_022445 TPK1 1015 | 1.030 | 0937 | 1.128 | 0816 | 1.087 | 0900 | 1.262 | 0.862
787 | Xm_371672 LOC389168 | 0966 | 0.737 | 0.808 | 0.476 | 0.820 | 1.140 | 2028 | 0899 | 0.709
788 | NM_014326 DAPK2 0871 | 1.064 | 0972 | 0984 | 1.185 | 0522 | 0.885 | 0.898 | 1.860
789 | NM_032781 PTPNS 0824 | 0852 | 0808 | 1215 | 0950 | 0794 | 0.678 | 0.897 | 1018
790 | NM_002647 PIK3C3 0807 | 0867 | 1.002 | 1276 | 0805 | 1117 | 0632 | 1.077 | 0897
791 | NM_002747 MAPK4 0865 | 0934 | 0893 | 0966 | 1.137 | 0550 | 0.895 | 0.822 | 1.624
792 | NM_173575 STK32C 0836 | 0954 | 0913 | 0935 | 1.137 | 0954 | 0.895 | 0.840 | 0.958
793 | NM_005109 OSR1 1.024 | 1008 | 0945 | 1.145 | 0935 | 1265 | 0894 | 1.078 | 0.747
794 | NM_001948 DUT 0723 | 0672 | 0775 | 0816 | 0752 | 0696 | 0.885 | 0.894 | 1.113
795 | NM_033118 MYLK2 0725 | 0898 | 0763 | 1102 | 0616 | 0855 | 0.658 | 1.459 | 0.893
796 | XM_497921 LOC391533 | 0.804 | 1.011 | 0.847 | 1.104 | 1.134 | 0450 | 0729 | 0.892 | 1.884
797 | NM_002737 PRKCA 0898 | 0993 | 0869 | 1.035 | 1.117 | 0548 | 0.868 | 0.880 | 1.585
798 | NM_004226 STK17B 0971 | 0974 | 0869 | 0869 | 1.256 | 0979 | 1.117 | 0775 | o.888
799 | NM_002253 KDR 0780 | 0.763 | 0844 | 0879 | 0832 | 1101 | 0888 | 0916 | 0.767
800 | NM_020168 PAK6G 0765 | 1.040 | 0902 | 1.164 | 1.172 | 0862 | 0.658 | 0.887 | 1.046
801 | NM_002827 PTPN1 0912 | 0820 | 0816 | 0808 | 0925 | 1132 | 1016 | 0.887 | 0.720
802 | NM_015076 CDK11 0908 | 0910 | 1.068 | 1.024 | 0834 | 1.234 | 0887 | 1.002 | 0.865
803 | NM_017859 UCKL1 0830 | 1126 | 0891 | 0946 | 1.110 | 1162 | 0.887 | 1.015 | 0.766
804 | NM_018498 PPPAR1L 0835 | 0975 | 0911 | 0885 | 1.099 | 1.079 | 0943 | 0.887 | 0.845
J | 85 | nwmowass PALD 0838 | 0899 | 0808 | 0645 | 1.014 | 1.061 | 1.200 | 0.887 | 0.761
| s0s | nm_oose0s MAK 0872 | 0881 | 0955 | 1234 | 0994 | 1.045 | 0707 | 0.8 | 0.914
807 | NM_002732 PRKACG 0946 | 0927 | 0822 | 1.068 | 0905 | 1.284 | 0.886 | 1.023 | 0.640
808 | NM_109289 NEKS 0854 | 0898 | 0930 | 1.048 | 1.014 | 0820 | 0815 | 0.88 | 1.145
809 NM—oé’jone CSNK1G1 0937 | 0931 | 0854 | 0931 | 1199 | 0964 | 1.007 | 0777 | 0885
810 | NM_138689 PPP1R14B 0984 | 0834 | 0832 | 1112 | 1052 | 0652 | 0885 | 0793 | 1.277
811 | NM_017881 C9orfo5 0895 | 0942 | 0801 | 1.013 | 0662 | 1.339 | 0.884 | 1.423 | 0598
812 NM_0é>51004o AKAP2 0945 | 0973 | 0993 | 0895 | 1201 | 1.125 | 1056 | 0754 | 0.882
813 | NM_001347 DGKQ 0862 | 0647 | 0807 | 0077 | 0557 | 1.022 | o0ss2 | 1.163 | 0.790
814 | NM_177990 PAK7 0922 | 1015 | 0912 | 1329 | 1.151 | 0868 | 0.694 | 0.881 | 1.051
815 | NM_016308 | UMP-CMPK | 0958 | 0810 | 0839 | 1.091 | 0462 | 1.380 | 0879 | 1.753 | 0.608
816 | NM_006697 CRA 0834 | 0672 | 1.064 | 0949 | 0893 | 0944 | 0879 | 0753 | 1126
817 | NM_021970 | MAP2K1IP1 | 0884 | 0860 | 0921 | 1.071 | 0979 | 0748 | 0825 | 0878 | 1.231
818 | NM_012395 PFTKL 0867 | 0944 | 1002 | 1070 | 1075 | 1001 | 0810 | 0.878 | 1001
819 | NM_016532 SKIP 0848 | 0791 | 0962 | 0967 | 1274 | 0574 | 0877 | 0621 | 1677
820 | NM_020185 DUSP22 0877 | 0938 | 0775 | 1149 | 1060 | 0769 | 0763 | 0.877 | 1.007
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
821 | NM_024607 PPP1R3B 0866 | 0841 | 0920 | 0937 | 0998 | 1.060 | 0925 | 0842 | 0877
822 | NM_020804 PACSINL 0895 | 0977 | 0835 | 0822 | 1115 | 1.002 | 1089 | 0876 | 0.765
2 | 823 | NM_o01824 CKM 0932 | 0966 | 0844 | 1.064 | 1.046 | 1.127 | 0875 | 0924 | 0.749
824 NM—OS’QOSZZ STK24 0791 | 0847 | 0924 | 0904 | 1076 | 0715 | 0874 | 0787 | 1.203
825 | NM_007109 IRAK3 0859 | 0885 | 0817 | 0984 | 0563 | 1.360 | 0873 | 1573 | 059
826 NM—°3°71°181 NME2 0921 | 09033 | 0928 | 1.199 | 0740 | 1.063 | 0768 | 1260 | 0873
827 | NM_002766 PRPSAP1 0905 | 0805 | 0868 | 1.039 | 1222 | 0649 | 0871 | 0658 | 1.337
828 | NM_006871 RIPK3 0913 | 0916 | 0950 | 1.379 | 0364 | 1.101 | 0662 | 2520 | 0871
820 | NM_006852 TLK2 1041 | 1085 | 1.035 | 1.095 | 1246 | 1571 | 0950 | 0.871 | 0.659
830 | NM_001433 ERN1 0972 | 0038 | 0948 | 1312 | 1079 | 0874 | 0741 | 0870 | 1.084
831 | NM_109261 TPTE 0871 | 0858 | 0861 | 0758 | 0.988 | 1.274 | 1.148 | 0868 | 0.676
832 | NM_003647 DGKE 0837 | 0960 | 0720 | 1.038 | 1.107 | 0592 | 0806 | 0868 | 1.18
833 | NM_002751 MAPK11 0750 | 0839 | 0878 | 0865 | 1487 | 1.005 | 0867 | 0564 | 0874
834 | NM_005248 FGR 0944 | 0968 | 0824 | 1120 | 1001 | 0953 | 0843 | 0966 | 0.865
835 | NM 014826 | CDC42BPA | 0.863 | 0.828 | 0897 | 0589 | 0957 | 1279 | 1466 | 0.865 | 0.701
836 | NM_003161 RPS6KB1 0838 | 0860 | 0948 | 1.196 | 0.996 | 0533 | 0701 | 0863 | 1.777
837 | NM_ 138448 ACYP2 0708 | 0728 | 0956 | 0.821 | 1046 | 0931 | 0862 | 0696 | 1.027
838 | NM_176895 PPAP2A 0886 | 0835 | 0977 | 1020 | 1541 | 0743 | 0861 | 0542 | 1315
839 | NM_ 182692 SRPK2 0990 | 0964 | 0959 | 0963 | 1409 | 1.114 | 1028 | 0684 | 0861
840 | NM_000167 GK 0801 | 0835 | 0941 | 1.072 | 0970 | 0824 | 0747 | 0861 | 1141
841 | NM_031268 PDPK1 0868 | 0801 | 0963 | 1.017 | 0745 | 1.121 | 0853 | 1.074 | 0.859
842 | NM_014906 PPMIE 0846 | 0872 | 0854 | 0987 | 0928 | 1.076 | 0857 | 0940 | 0.794
J | 83 | nwsiser PPP2R3A 0753 | 0927 | 0961 | 0720 | 1082 | 1260 | 1046 | 0857 | 0.757
“ | saa | nm_oos2ss PRKG1 0825 | 0813 | 0847 | 0963 | 1008 | 0946 | 0856 | 0741 | 0.895
845 | XM_291277 DKFZ%GlPO“ 0963 | 0988 | 0980 | 0877 | 1.155 | 1219 | 1008 | 0856 | 0.804
846 | NM_020240 cDC42sE2 | 0844 | 1000 | 1143 | 1124 | 1170 | 0737 | 0751 | 0.855 | 1.550
847 | NM_ 153183 NUDT10 0791 | 0752 | 0922 | 0710 | 0967 | 1079 | 1115 | 0777 | o854
848 | NM_002739 PRKCG 0777 | 0831 | 0961 | 0910 | 1239 | 1.116 | 0854 | 0671 | 0.861
gag | NVLODM0348 | 1ocao0027 | 0859 | 0795 | 0920 | 0778 | 1224 | 1079 | 1104 | 0649 | 0.853
850 | NM_ 017886 FLJ20574 0849 | 0696 | 1001 | 1.713 | 0684 | 1.175 | 0496 | 1.018 | 0852
851 | NM_001932 MPP3 0904 | 0829 | 0943 | 1.347 | 0955 | 1.107 | 0671 | 0869 | 0.852
852 NM—°l°31°3°3 RP26 0859 | 0921 | 0969 | 1.008 | 1.388 | 0813 | 0852 | 0664 | 1.102
853 | NM_003160 AURKC 0802 | 0735 | 0907 | 0943 | 0763 | 1.417 | 0850 | 0963 | 0.640
854 | NM_175886 PRPSIL1 0821 | 0877 | 0931 | 0966 | 0761 | 1.255 | 0850 | 1.152 | 0.742
gss | NM-0010072 DUSP13 0841 | 0816 | 0773 | 0957 | 1048 | 0910 | 0879 | 0779 | 0.850
856 | NM_ 153273 IHPK1 0983 | 1177 | 1012 | 1.158 | 1.230 | 1.198 | 0849 | 0957 | 0845
857 | NM_002227 JAKL 0785 | 0861 | 0849 | 00924 | 1491 | 0982 | 0849 | 0577 | 0865
858 | NM_032435 KIAA1804 0947 | 0800 | 0833 | 0850 | 1.231 | 0981 | 1114 | 0723 | 0.849
859 | NM_013302 EEF2K 0762 | 0955 | 1.001 | 0813 | 1580 | 1.179 | 0938 | 0604 | 0.849
860 | NM_ 052841 STK22C 0876 | 1105 | 0668 | 1.133 | 1.302 | 0711 | 0773 | 0849 | 0.940
861 | NM_003565 ULK1 0958 | 0873 | 0890 | 1.120 | 1423 | 0972 | 0849 | 0613 | 0916
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
862 | NM_014937 INPPSF 0758 | 0.756 | 0822 | 0.856 | 0.894 | 1.052 | 0.885 | 0.846 | 0.781
863 | XM_371701 LoCc389217 | 0958 | 0.866 | 0.752 | 0.88L | 1.023 | 1.030 | 1.088 | 0846 | 0.730
| #4 | nwm_oosse VRK1 0012 | 1141 | 1168 | 1.447 | 1349 | 0923 | 0631 | 0846 | 1.266
© | &5 | nm_oooase TEK 0867 | 0901 | 0954 | 1.029 | 0762 | 1173 | 0843 | 1.183 | 0813
866 | NM_002194 INPP1 0821 | 0779 | 0938 | 0933 | 1412 | 1113 | 0879 | 0552 | 0843
867 | XM_350880 PPMLH 0826 | 0874 | 0836 | 1141 | 1.037 | 088l | 0724 | 0843 | 0.949
868 | NM_001896 CSNK2A2 0938 | 0814 | 0871 | 0931 | 1.003 | 1.034 | 1008 | 0811 | 0842
869 | NM_005400 PRKCE 0937 | 0819 | 0942 | 1113 | 1.255 | 0723 | 0842 | 0653 | 1.304
870 | NM_003318 TTK 0552 | 0931 | 0980 | 0656 | 1.353 | 0870 | 0.842 | 0688 | 1.137
871 | NM_017771 PXK 0863 | 0893 | 0545 | 1.027 | 0688 | 0806 | 0.840 | 1.207 | 0.676
872 | NM_005923 MAP3K5 0934 | 0932 | 0805 | 0723 | 1.110 | 1600 | 1.201 | 0.840 | 0477
873 | NM_005108 CHKB 0909 | 0984 | 1.004 | 1085 | 1172 | 0938 | 0837 | 0840 | 1071
874 | NM_022007 LOC63928 0748 | 0828 | 0822 | 0892 | 1.000 | 0707 | 0839 | 0759 | 1.163
875 | NM_000455 STK11 0754 | 0701 | 0844 | 0900 | 0775 | 1.444 | 0838 | 0904 | 0584
876 | NM_004445 EPHB6 0802 | 0803 | 0865 | 1.153 | 0958 | 0.418 | 0.696 | 0.838 | 2071
877 | NM_080423 PTPN2 0916 | 0850 | 0817 | 0885 | 1.019 | 1279 | 1035 | 0835 | 0.639
878 | NM_001567 INPPLL 0795 | 0855 | 0990 | 1.004 | 0704 | 1187 | 0791 | 1216 | 0.834
879 | NM_006197 PCM1 0964 | 0850 | 0875 | 1.262 | 1.019 | 0517 | 0763 | 0834 | 1.692
880 | NM_006244 PPP2REB 0816 | 0792 | 0821 | 0979 | 0882 | 1.050 | 0.834 | 0898 | 0.782
881 | NM_004686 MTMR? 0820 | 0693 | 0942 | 0940 | 0980 | 1132 | 0872 | 0701 | 0832
882 | NM_153809 TAFIL 0916 | 0896 | 0938 | 1101 | 1.173 | 0996 | 0832 | 0764 | 00942
883 | NM_033389 SSH2 0842 | 0844 | 0807 | 1.015 | 1.019 | 0613 | 0820 | 0828 | 1316
884 | NM_181775 DKFZ"Z‘?"’GOG 0886 | 1011 | 0914 | 0923 | 1219 | 1132 | 0950 | 0829 | 0.807
© | 85 | NM_005372 MOS 0883 | 0808 | 0926 | 1.205 | 0443 | 1118 | 0733 | 1.826 | 0.828
886 | NM_018650 MARK1 0815 | 0963 | 0920 | 0985 | 1.186 | 0.879 | 0.827 | 0812 | 1.057
887 | NM_014683 ULK2 0821 | 0900 | 0917 | 1027 | 0792 | 1110 | 0800 | 1.136 | 0.827
888 | NM_018444 PPM2C 0899 | 0921 | 0818 | 1.088 | 1.035 | 1.361 | 0.826 | 0890 | 0.601
889 | NM_012308 PIPSK1C 0949 | 1.062 | 0975 | 1.149 | 0985 | 1.360 | 0.826 | 1.079 | 0.717
890 | NM_006246 PPP2RSE 0741 | 0819 | 0884 | 0846 | 1.220 | 1.071 | 0876 | 0.666 | 0.825
891 | NM_198802 BMP2K 0909 | 1.075 | 0850 | 1247 | 1208 | 1.030 | 0720 | 0.890 | 0.825
892 | NM_006257 PRKCQ 0790 | 0814 | 0859 | 0958 | 0.887 | 1.067 | 0.824 | 0.918 | 0.806
893 | NM_013276 CARKL 1.034 | 0945 | 0896 | 0720 | 1.146 | 1248 | 1.437 | 0824 | 0.718
894 | NM_145185 MAP2K7 0867 | 0941 | 1.005 | 1.053 | 1.180 | 1.046 | 0824 | 0792 | 0.961
895 | NM_005433 YES1 0960 | 0837 | 0872 | 0835 | 1213 | 1.063 | 1.149 | 0690 | 0.820
896 | NM_024619 FN3KRP 0891 | 0933 | 0867 | 0524 | 1.138 | 1.058 | 1701 | 0.820 | 0.820
897 | NM_031480 RIOKL 0842 | 0870 | 0807 | 1.304 | 1.063 | 0958 | 0.646 | 0.818 | 0.842
898 | NM_173496 MPP7 0865 | 0926 | 0881 | 0856 | 1.135 | 1240 | 1.011 | 0816 | 0.710
899 | NM_001610 ACP2 0649 | 0722 | 0979 | 0797 | 1.133 | 0824 | 0814 | 0637 | 1188
900 | NM_003010 MAP2K4 0841 | 1010 | 0881 | 0745 | 1241 | 1304 | 1.128 | 0814 | 0676
901 | NM_014002 IKBKE 0906 | 0924 | 0950 | 1140 | 0926 | 1170 | 0795 | 0.97 | 0.812
902 | XM_497237 LoC441567 | 0854 | 0.874 | 0819 | 0967 | 1.077 | 1126 | 0.883 | 0812 | 0.727
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
903 | NM_139245 PPMLL 0845 | 0852 | 0874 | 1.042 | 1.073 | 0586 | 0811 | 0794 | 1.492
| 04 | nwmooasso ROCK2 0988 | 0835 | 0825 | 0795 | 1.031 | 1102 | 1.243 | 0810 | 0692
" | 905 | nm_oooisa GALK1 0818 | 0809 | 0938 | 1106 | 0.820 | 1.159 | 0.684 | 0976 | 0.810
906 | NM_004444 EPHB4 0891 | 0835 | 0785 | 0668 | 1.032 | 1.330 | 1.335 | 0810 | 0590
907 | NM_030962 CMT4B2 0662 | 0675 | 0703 | 0822 | 0927 | 0461 | 0805 | 0728 | 1525
908 | NM_022648 NS 0900 | 0718 | 0827 | 1121 | 0542 | 1133 | 0803 | 1.325 | 0.730
909 | NM_012407 PRKCABP 1230 | 0926 | 1.021 | 0478 | 1155 | 1335 | 2573 | 0802 | 0.765
910 | NM_015568 PPP1R16B 0936 | 0856 | 0692 | 1.167 | 1.108 | 0468 | 0802 | 0773 | 1.479
911 | NM_013355 PKN3 0975 | 0912 | 0808 | 0735 | 1.130 | 1.082 | 1.327 | 0801 | 0.747
912 | NM_004333 BRAF 0939 | 0845 | 0860 | 0832 | 1.056 | 1.307 | 1.120 | 0.800 | 0.658
913 | NM_174944 Cl4orf20 0824 | 0885 | 0861 | 0883 | 1.349 | 1.078 | 0933 | 0.656 | 0.799
914 | NM_006219 PIK3CB 0987 | 0755 | 0943 | 1238 | 0856 | 1532 | 0797 | 0.881L | 0.616
915 | NM_030791 SGPP1 0865 | 0.807 | 0889 | 1.088 | 1.409 | 0333 | 0795 | 0573 | 2.666
916 | NM_002969 MAPK12 0850 | 0800 | 0828 | 1.070 | 1.164 | 0564 | 0794 | 0.687 | 1.467
917 | NM_000944 PPP3CA 0887 | 0835 | 0932 | 1120 | 1.180 | 0.858 | 0792 | 0708 | 1.086
918 | NM_032454 STK19 0878 | 0911 | 1.030 | 1112 | 1.133 | 1313 | 0790 | 0.804 | o0.791
919 | NM_006703 NUDT3 0813 | 0767 | 0877 | 0992 | 1057 | 1111 | 0820 | 0725 | 0.789
920 | NM_002649 PIK3CG 0874 | 0965 | 0895 | 1110 | 1.450 | 1.136 | 0.787 | 0.665 | 0.787
921 | NM_003804 RIPK1 0898 | 0754 | 0932 | 1.420 | 0642 | 1186 | 0632 | 1174 | 0.786
922 NM—°S§°137 EIF2AK4 0814 | 0765 | 1013 | 1.036 | 1.147 | 1224 | 0786 | 0667 | 0827
923 | NM_005308 GRK5 0784 | 0836 | 0823 | 1.003 | 0728 | 1.047 | 0717 | 1148 | 0.786
924 | NM_006484 DYRK1B 0901 | 0867 | 0991 | 1.147 | 1.300 | 1.034 | 0785 | 0.667 | 0.958
8 | 925 | NM 025179 PLXNA2 0971 | 1.039 | 0887 | 1332 | 1.325 | 0966 | 0720 | 0784 | o0.918
926 | NM_020315 PDXP 0843 | 0856 | 1.015 | 1.027 | 1.205 | 1205 | 0821 | 0710 | 0.784
927 | NM_012200 TLK1 1003 | 1127 | 0871 | 1282 | 0448 | 1127 | 0783 | 2514 | 0772
928 | NM_003157 NEK4 0857 | 0877 | 0851 | 1150 | 1.126 | 0397 | 0745 | 0779 | 2142
920 | XM_042936 GRIP2 0852 | 0854 | 0847 | 1100 | 0835 | 1277 | 0775 | 1.022 | 0.664
930 | NM_015690 STK36 0974 | 0935 | 0914 | 1666 | 1.026 | 1.183 | 0585 | 0911 | 0773
931 | NM_018238 FLJ10842 0848 | 0783 | 0765 | 1.007 | 1.014 | 1.050 | 0.842 | 0772 | 0.729
932 | NM_173655 DKFZpl‘és“CM 0809 | 0864 | 0860 | 1119 | 0987 | 1114 | 0723 | o876 | o771
933 | NM_002767 PRPSAP2 0862 | 0907 | 0922 | 0935 | 1248 | 1106 | 0922 | 0727 | 0.770
934 | NM_178494 FLJ40125 0892 | 0895 | 0863 | 1158 | 1.216 | 0768 | 0.770 | 0736 | 1.124
935 | NM_177560 CSNK2A1 0941 | 1224 | 1170 | 1226 | 1698 | 0951 | 0768 | 0721 | 1.230
936 | NM_005406 ROCK1 0883 | 0901 | 0940 | 0667 | 1.175 | 1.435 | 1323 | 0767 | 0.655
937 | NM_152934 PPEF2 0827 | 0819 | 0873 | 1080 | 1.131 | 0867 | 0766 | 0724 | 1.007
938 | NM_144641 FLJ32332 0861 | 0842 | 0809 | 1108 | 1.102 | 1.002 | 0718 | 0764 | 0.808
939 | NM_004443 EPHB3 0836 | 0773 | 0773 | 1118 | 1.013 | 0713 | 0748 | 0763 | 1.085
940 | NM_006904 PRKDC 0944 | 1.007 | 0965 | 1.478 | 0957 | 1.268 | 0639 | 1.052 | 0.761
941 | NM_016231 NLK 0943 | 0947 | 0881 | 0013 | 1244 | 1221 | 1033 | 0761 | 0.722
942 | NM_014845 KIAAD274 0779 | 0685 | 0777 | 0962 | 0941 | 1021 | 0810 | 0728 | 0.761
943 | NM_014369 PTPN18 0813 | 0838 | 0808 | 1.069 | 0415 | 1158 | 0761 | 2018 | 0.698
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
944 NM_032483 HTPAP 0724 | 0674 | 0719 | 0955 | 0970 | 0269 | 0758 | 0.694 | 2671
| s NM_199326 PR48 0848 | 0835 | 0811 | 1173 | 1.102 | 0880 | 0723 | 0757 | 0.922
| o NM_000478 ALPL 0785 | 0815 | 0944 | 0370 | 1078 | 1331 | 2122 | 0756 | 0.709
947 | NM_002929 GRK1 0762 | 0741 | 0837 | 1.099 | 0982 | 0857 | 0694 | 0755 | 0977
948 NM_017726 PPP1R14D 0988 | 0848 | 0766 | 0761 | 1.131 | 1.188 | 1.208 | 0750 | 0.645
949 | NM_002746 MAPK3 0811 | 0.889 | 0815 | 1.083 | 1.367 | 0571 | 0749 | 0650 | 1427
950 | NM_031361 COL4A3BP 0814 | 0884 | 0998 | 1.087 | 1.383 | 0888 | 0748 | 0639 | 1125
951 NM_006383 ciB2 0745 | 0836 | 0822 | 1.655 | 0956 | 1.098 | 0.450 | 0874 | 0748
952 | NM_178009 DGKH 1.060 | 0868 | 0937 | 0932 | 1164 | 1.255 | 1137 | 0745 | 0.747
953 NM_014422 PIBSPA 0863 | 0.845 | 0980 | 1.288 | 1.136 | 0.863 | 0670 | 0744 | 1136
954 NM_144688 FLJ32658 0830 | 0857 | 0850 | 1.165 | 1.152 | 0944 | 0713 | 0744 | 0.901
955 | NM_003551 NME5 0692 | 0.808 | 0877 | 0935 | 1.233 | 0800 | 0740 | 0.656 | 1.006
956 | XM_498022 LoC442141 | 0876 | 0928 | 0994 | 1.187 | 0958 | 1.471 | 0738 | 0.969 | 0.676
957 NM_177995 PTPDC1 0906 | 0875 | 0846 | 1.220 | 0378 | 1176 | 0737 | 2.317 | 0720
958 | NM_005975 PTK6 0887 | 0849 | 0964 | 1730 | 1.157 | 1.083 | 0513 | 0734 | 0890
959 | NM_003656 CAMK1 0869 | 1.006 | 0951 | 1.186 | 1.856 | 1211 | 0732 | 0542 | 0.785
960 | NM_006742 PSKH1 0947 | 0921 | 1009 | 1002 | 1.257 | 1547 | 0867 | 0732 | 0.652
961 NM_080391 PTP4A2 0877 | 0932 | 0802 | 1.205 | 0627 | 1273 | 0728 | 1486 | 0630
962 | NM_001982 ERBB3 0852 | 0737 | 0801 | 1.209 | 1.014 | 0684 | 0705 | 0727 | 1170
963 | NM_014496 RPS6KA6 0617 | 1.037 | 0720 | 1267 | 1041 | 1.006 | 0487 | 0997 | 0.724
964 NM_180976 PPP2R5D 0839 | 0895 | 0862 | 1546 | 1171 | 1102 | 0542 | 0764 | 0.724
965 | NM_001799 CDK7 0873 | 0770 | 0834 | 1210 | 0961 | 1361 | 0721 | 0801 | 0613
S | 966 NM_181493 ITPA 0879 | 0787 | 0767 | 0825 | 1.009 | 1147 | 1.065 | 0716 | 0.669
967 NM_032124 HDHD2 0698 | 0645 | 0762 | 1.083 | 0903 | 0924 | 0645 | 0715 | 0825
968 | NM_000142 FGFR3 0823 | 0757 | 0840 | 1.194 | 1064 | 1110 | 0690 | 0712 | 0757
969 | NM_004958 FRAP1 0737 | 0821 | 0786 | 1.039 | 1.139 | 1172 | 0700 | 0721 | 0671
970 | NM_018343 RIOK2 0958 | 0.800 | 0968 | 0772 | 1.329 | 1369 | 1241 | 0670 | 0.707
971 | NM_033214 GK2 0773 | 0709 | 0875 | 1.141 | 0608 | 1239 | 0677 | 1166 | 0.706
972 | NM_182644 EPHA3 0916 | 0788 | 0787 | 0873 | 1.119 | 1.156 | 1.050 | 0704 | 0.681
973 | NM_005592 MUSK 0844 | 0935 | 0938 | 1.638 | 0500 | 1.345 | 0515 | 1.870 | 0.698
974 | NM_032242 PLXNAL 0984 | 0792 | 1.001 | 1.050 | 1.143 | 1931 | 0936 | 0692 | 0519
975 NM_178588 PPP2R5C 0872 | 0930 | 0926 | 1.822 | 1.353 | 1.134 | 0478 | 0687 | 0817
976 NM_006243 PPP2R5A 0811 | 0779 | 0.885 | 1.045 | 1.138 | 1422 | 0777 | 0685 | 0.622
977 NM—0f510179 INPP5D 0880 | 0.766 | 0993 | 1.050 | 1.436 | 1486 | 0838 | 0533 | 0.668
978 NM_015458 MTMRO 0908 | 0941 | 0986 | 1.365 | 1.416 | 1.137 | 0.665 | 0.664 | 0868
979 | NM_130049 MAPKS 0752 | 0.882 | 0866 | 1.131 | 2586 | 1172 | 0.664 | 0341 | 0.739
980 NM_054113 ciB3 0718 | 0826 | 0828 | 1.135 | 0850 | 1.258 | 0633 | 0973 | 0.659
981 | NM_007271 STK38 0901 | 0903 | 0905 | 1.369 | 1.015 | 1.383 | 0.658 | 0.890 | 0.654
982 | XM_497463 LOC401823 | 0958 | 0.837 | 0910 | 1.852 | 0638 | 1.393 | 0518 | 1.311 | 0.653
983 | NM_033126 PSKH2 0891 | 0978 | 0901 | 1.396 | 1.750 | 0.796 | 0.638 | 0559 | 1.132
984 NM_080548 PTPNG 0745 | 0691 | 0875 | 1.265 | 0476 | 1.309 | 0580 | 1.451 | 0.626
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rel. viability untreated rel. viability TNF and CHX death index
Cl | rank | NCBIRefSeq | genesymbol 1= o T oNA | SiRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA | SIRNA
1 2 3 1 2 3 1 2 3
2 | 985 | NM_000222 KIT 0752 | 0627 | 0912 | 1.247 | 0443 | 1462 | 0603 | 1416 | 0624
2 | 98 | NM_001099 ACPP 0833 | 0825 | 1.076 | 1750 | 1.384 | 0541 | 0476 | 0596 | 1.988
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APPENDIX 5. SUPPLEMENTARY DATA.
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Figure A5.1. HK2 attenuates the TNF-induced decrease of the IMM potential.
Time course of the percentage of HelLa cells with a decreased of the inner
mitochondrial membrane potential (AW),) after treatment with TNF and CHX. All
values are presented as the percentage of GFP-positive cells with reduced TMRE
fluorescence in a cell population that was transiently transfected with HK2-GFP or
a control GFP expression construct. Data are representative of six independent
experiments.
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Figure 5.2. A: Alternative attempts to induce or generate cytosolic HK1.
Amino acid sequences of synthetic cell-permeable HK1 and control (ctrl.)
peptides. HK1 N-term: sixteen amino-terminal amino acids of HK1. TAT: protein
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transduction domain of HIV-1 transactivator of transcription. B: Western blot of
the cellular localization of HK1 and HK2 in HelLa cells treated with 20 uM control
or HK1 peptides in serum-free medium for one hour. Control cells were treated
with serum-containing or serum-free medium only. Total lysate, mitochondrial and
cytosolic fractions were probed for HK1, HK2, VDAC1 and Tubulin (Tub). Tubulin
and VDAC1l served as markers for cytosolic and mitochondrial fractions,
respectively. C: Fluorescence microscopic images of Hela cells that were
stained with an antibody against endogenous HK1, mitotracker red, and nucleic
acid stain Hoechst. All single channel images were false-coloured (HK1 in green,
mitotracker red in red, Hoechst in blue) and merged. Note that concentrations of
20 puM HK1 peptide and higher compromise the viability of HelLa cells. D:
Western blot of the cellular localization of endogenous HK1 (endog. HK1) and
ectopically expressed GFP-tagged wild type HK1 (HK1-GFP), GFP-tagged HK1
lacking the amino-terminal twenty one amino acids (HK1A21-GFP), and GFP in
HelLa cells. Total lysate, mitochondrial and cytosolic fractions were probed for
HK1, GFP, VDAC1 and Tubulin (Tub). Tubulin and VDAC1 served as markers for
cytosolic and mitochondrial fractions, respectively.
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