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Chapter 1

Introduction

1.1 	 Chorea Huntington (Huntington’s disease, HD)
Chorea Huntington or Huntington’s disease (HD) is an autosomal dominant inherited, progressive 
neurodegenerative disorder. It has a prevalence of 3-10 cases per 100,000 individuals. The age of 
the disease onset is around 30-50 years and the patients die within 10 to 20 years. Besides the late 
onset of the disease rare juvenile cases have also been reported. The disorder was first described in 
1872 by George Huntington who identified: “1. Its hereditary nature. 2. A tendency to insanity and 
suicide. 3. Its manifesting itself as a grave disease only in adult life.” (Huntington, 1872)

1.1.1	 Clinical manifestation
The first signs of Huntington’s chorea (Chorea: Greek for “dance”) are subtle motor disturbances, 
clumsiness, mild personality changes and slowing of the intellectual processes. These symptoms 
progress slowly to more severe involuntary movements, hypokinesia, rigidity (Thompson et al., 
1988) and eventually a loss of the capacity to move (Brandt et al., 1984; Folstein et al., 1987; Penney 
et al., 1990). The progression of the disease also manifests in speech impairment, and later the 
loss of speech, as well as in muscle wasting and weight loss (Sanberg et al., 1981). Moreover, the 
cognitive impairments get worse over time and in the last stage of the disease patients show severe 
dementia (Folstein et al., 1983). Besides the physical and cognitive symptoms, also personality 
changes like irritability and aggression, loss of motivation and depressed moods as well as anxiety 
emerge (Dewhurst et al., 1970; Jensen et al., 1993). Death of the patients generally occurs as a 
consequence of heart failure or aspiration pneumonia (Chiu and Alexander, 1982).

The neuropathological hallmark of HD is the gradual atrophy of the striatum (caudate nucleus and 
putamen; Vonsattel et al., 1985). The severity of the striatal degeneration is assessed by a grading 
system which classifies the HD stages into five severity grades depending on the degree of striatal 
atrophy. Starting with Grade 0, characterized by a 30-40% neuronal loss in the caudate nucleus, 
the system ascends to Grade 4 which includes cases with gross striatal atrophy and up to 95% 
neuronal loss (Vonsattel et al., 1985). In contrast to the lower grades in which only a slight atrophy 
in the striatal structures is observed, the more fatal grades also show degeneration of non-striatal 
structures like the cerebral cortex. As a consequence of the cerebral atrophy the weight of the total 
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brain decreases by approximately 10-40% in HD patients (Vonsattel et al., 1985; Vonsattel and 
DiFiglia, 1989).

The major part of the striatal neuronal cell population is represented by medium-sized projection 
spiny neurons - neurons that send projections to other nuclei - which are partly regulated by 
dopamineric inputs, using the inhibitory transmitter GABA (γ-aminobutyric acid). Since these 
neurons have an inhibitory function, their degeneration results in an enhanced stimulation of the 
motor cortex which provokes the HD characteristics and uncontrolled movements (Joel, 2001).

At present there is no therapy which is able to cure HD, prevent the onset of the disease or impede 
its progression. However, there are treatments available to reduce the severity of some of the HD 
symptoms. For the symptomatic treatment to reduce the severity of chorea in HD, tetrabenazine was 
developed, which attenuates hypokinesia by promoting degradation of dopamine (Walker, 2007). 
It was approved in 2008 for this use in the US. Rigidity can be treated with antiparkinsonian drugs 
like pramipexole (Bonelli et al., 2002) and psychiatric symptoms can be treated with antidepressant 
drugs such as fluoxetine (Bates et al., 2002; De Marchi et al., 2001).

Although there have been relatively few studies of exercises and therapies that help rehabilitate 
cognitive symptoms of HD, there is some evidence for the usefulness of physical therapy and 
speech therapy (Bilney et al., 2003). So far, only the transplantation of fetal tissue into the caudate 
nucleus and putamen of HD patients has led to improvement of cognitive function (Bachoud-Levi 
et al., 2000). However, the practicability of this approach is restricted by the availability of fetal 
neuronal tissue. Nevertheless, the fast progressing stem cell research might solve this problem and 
could provide the required tissue material in larger amounts (Snyder et al., 2010).

1.1.2	 The huntingtin protein
Huntingtin (Htt) is a protein consisting of 3,144 amino acids with a molecular mass of ~ 349 kDa. 
The wild-type protein is expressed throughout all tissues of the human body, in both neuronal and 
non-neuronal cells. Although, in the brain it is mainly expressed in the two most affected regions 
in HD, the striatum and the cerebral cortex (Strong et al., 1993). Intracellularly Htt is localized 
in nuclei, cell bodies as well as in dendrites and nerve terminals (Trottier et al., 1995; DiFiglia 
et al., 1995). Subcellular fractionations show that it is predominantly found in the membrane-
containing fractions and associated with microtubules (Gutekunst et al., 1995). The mutant form 
of Htt shows an altered intracellular localization. Perinuclear accumulation of mutant Htt can be 
observed as well as the formation of neuronal intranuclear inclusions (NIIs, DiFiglia et al., 1997). 
Although Htt is a large protein it contains only three characteristic protein domains (Figure 1.1). 
The polyglutamine (polyQ) domain is located 17 amino acids downstream of the N-terminus 
of the protein, and is followed by a polymorphic proline-rich sequence (HDCRG, 1993) and 
the HEAT-repeat region. 37 HEAT-repeats can be clustered into three subdomains at positions 
205-329, 745-942 and 534-1710 in the protein (Andrade and Bork, 1995). The HEAT-domains are 
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involved in cytoplasmic and nuclear transport processes, microtubule dynamics and chromosome 
segregation (Andrade and Bork, 1995; Andrade et al., 2001). Moreover, a nuclear export signal 
(NES) is located at C-terminus of the Htt protein (Xia et al., 2003; Figure 1.1).

Both, wild-type and mutant Htt can undergo four types of post-translational modification such 
as phosphorylation, ubiquitination, SUMOylation and palmitoylation. Phosphorylation can 
take place at S421 by Akt or protein kinase B, at S434 by cyclin-dependent kinase 5 and at S536 
(Humbert et al., 2002; Luo et al., 2005; Schilling et al., 2006). Ubiquitination and SUMOyla-
tion, the reversible binding of small ubiquitin-related protein modifiers, take place at the lysine 
residues K6, K9 and K15 (Steffan et al., 2004; Kalchman et al., 1996). Palmitoylation on C215 
by HIP14 (huntingtin-interacting protein 14) was observed in cell model systems (Yanai et al., 
2006). Furthermore, Htt is cleaved by caspases at the aspartate residues D513, D552 and D586 
(Wellington et al., 2002) and by calpain (Gafni and Ellerby, 2002). Cleavage of mutant Htt by 
caspase-3 and calpain results in the formation of N-terminal fragments which are more toxic and 
aggregation prone than the full-length protein (Kim et al., 2001). These fragments are suggested 
to diffuse into the nucleus (Gafni et al., 2004; Sun et al., 2002) or to be actively translocated (Ona 
et al., 1999). 
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Figure 1.1: Domain structure of huntingtin (modified from Cattaneo et al., 2005) . Htt contains a N-termi-
nal polyglutamine tract Q(n) and a polyproline region P(n). The yellow bars indicate the three main HEAT repeat 
clusters at aa positions 205-329, 745-942 and 534-1710. The blue bar refers to the nuclear export signal (NES). Red 
arrowheads indicate caspase cleavage sites located at D513 (caspase-3), D552 (caspase-2/-3) and D586. Ubiquitina-
tion/SUMOyation occurs at K6, K9 and K15 (green circle). Phosphorylation sites are located at S421, S434 and S536 
indicated by blue circles.

 

Genetics 

HD is caused by an expanded CAG trinucleotide repeat located in the exon 1 of the IT15 gene 
(HDCRG, 1993). The CAG-repeat is translated into a polyglutamine (polyQ) sequence located at 
the N-terminus in the Htt protein.  The CAG-repeat expansion results in an increased number 
of glutamine residues within the polyQ stretch (HDCRG, 1993). The longer the polyQ sequence 
in Htt the more severe are the symptoms in HD. Normally, unaffected individuals have 35 or less 
CAG repeats, whereas in patients suffering from HD the number of CAG trinucleotides exceeds 
40 up to 182 repeats (Rubinsztein et al., 1996; Sathasivam et al., 1997). There is an inverse correla-
tion between the number of CAG-repeats and the age of disease onset. Alleles with 35-39 repeats 
are only very sporadic associated with onset of the disease, whereas individuals with alleles in the 
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range of 40-50 repeats will develop the disease in an age of around 30-50 years. Consequently, 
very long CAG-repeats (> 70) are responsible for the juvenile and infantile cases of HD (HDCRG, 
1993). Besides the inverse correlation between the number of CAG repeats and the age of onset a 
direct correlation exists for the number of repeats and the Vonsattel grades of neuopathological 
severity (see Chapter 1.1.1.). The longer the CAG-repeat the higher will be the Vonsattel grade of 
the affected brain.

Functions of normal Htt

The normal function of Htt is still unclear, although many different possible functions are being 
discussed. Knock-out of the mouse HD gene Hdh resulted in embryonic lethality, which impli-
cates an essential role of Htt in embryonic development (Duyao et al., 1995; Nasir et al., 1995; 
Zeitlin et al., 1995).

Yeast two-hybrid screenings, affinity pull-down assays as well as immonoprecipitation studies have 
identified numerous Htt interaction partners. The cellular functions of these proteins suggest that 
Htt might be involved in processes such as protein trafficking and vesicle transport, endocytosis, 
postsynaptic signaling, transcriptional regulation and anti-apoptotic processes.

Protein trafficking and vesicle transport

Htt interacts with HAP1 (Huntingtin associated protein 1), a protein expressed in many tissues in-
cluding the brain. HAP1 interacts with dynactin and is involved in the dynein/dynactin complex-
mediated transport of vesicles and endosomes along microtubules in axons. Htt is suggested to be 
associated to this complex via HAP1 (Block-Galarza et al., 1997; Engelender et al., 1997) and might 
play a role as a bridging protein between the dynein/dynactin complex and the cargo (Harjes and 
Wanker, 2003; Li and Li, 2004). 

Endocytosis

The interactions of Htt with HIP1, PACSIN1, SH3GL3 and α-Adaptin C give evidence that Htt has 
a function in clathrin-mediated endocytosis (Kalchman et al., 1997; Sittler et al., 1998; Modreg-
ger et al., 2002). HIP1 interacts with α-Adaptin C, α-Adaptin A and clathrin and  is involved in 
clathrin-mediated endocytosis. In this process Htt might promote the association of HIP1 and 
α-Adaptin C via direct interaction with both proteins and consequently influence the vesicle for-
mation (Metzler et al., 2001; Waelter et al., 2001a). SH3GL3 represents another interaction partner 
of Htt that is involved in endocytosis. Its rat homologue SH3p13 interacts with dynamin I und 
synaptojanin, which are both essential factors of the receptor-mediated endocytosis and the syn-
aptic vesicle recycling (Ringstad et al., 1997). Htt was also found to interact with PACSIN1, which 
is a neuronal phosphoprotein located in synaptic bouton and is involved in recycling of synaptic 
vesicles. In HD brains the levels of PACSIN1 are reduced and the protein is translocated in the 
cytoplasm which suggests an impairment of vesicle recycling in HD (Modregger et al., 2002).
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Postsynaptic signaling

A common interaction partner of Htt and HAP1 is the protein FIP-2 which links both to the Rab8 
signaling cascade. The Rab8 cascade regulates the polarized membrane transport via reorganiza-
tion of actinfilaments and microtubules, which is linked to modification processes of the dendritic 
spines shape (Li et al., 2000; Hattula and Peranen, 2000; Tang et al., 2003).

Another protein critical for the spine morphology and synapse formation is GIT1 (Zhang et al., 
2003), which was found to interact with Htt (Goehler et al., 2004). In addition, Htt interacts with 
PSD-95 (postsynaptic density protein 95) mediating the anchoring of NMDA and kainate recep-
tors to the postsynaptic membrane (Garcia et al., 1998; Sun et al., 2001). PSD-95 interacts with 
SynGAP which influences synapse plasticity via the RAS/MAPK signaling cascade (Kim et al., 
1998). Thus, Htt might play an important role in synaptic signaling processes as well as in the 
organization of the postsynaptic membrane.

Transcriptional regulation

Htt interacts with several transcription factors and expression profiles of various genes are altered 
in the presence of mutant Htt (Sugars and Rubinsztein, 2003; Cha, 2007). One example represents 
the CRE-(cAMP response element)-mediated transcription regulation. Under normal conditions 
CREB (CRE-binding protein) binds to the DNA as well as to CBP (a co-factor of the CRE-medi-
ated transcription pathway) which links CREB to the basal transcriptional machinery to initiate 
expression of genes responsible for neuronal survival. The presence of mutant Htt impairs the 
transcription initiation as described in Chapter 1.1.8 (Cong et al., 2005; Jiang et al., 2006). Another 
example is the expression of the neurotrophic factor BDNF (brain derived neurotrophic factor), an 
important survival factor for striatal neurons. Its expression is negatively regulated by the REST/
NRST complex. Htt binds to this complex thereby preventing translocation of REST/NRST into 
the nucleus (Zuccato et al., 2003). Mutant Htt is no longer able to bind the REST/NRST complex 
resulting in translocation of the complex into the nucleus where it initiates BDNF transcription 
(Zuccato et al., 2003). Moreover, Htt interacts with various other transcription factors, like CA150, 
CTBP, HYPA, HYPB, HYPC, NCOP, NF-κB or TBP (Li and Li, 2004), which points to an important 
role of Htt in the regulation of gene expression.

Anti-apoptotic function

Importantly, wild-type Htt is assumed to have an anti-apoptotic function in cells. Several studies 
have demonstrated that expression of wild-type Htt protects striatal-derived cells against apoptotic 
stimuli (Rigamonti et al., 2001; 2000; Zhang et al., 2006). By interaction with HIP1 (huntingtin-
interacting protein 1) wild-type Htt prevents the formation of the apoptosis-activating HIP1/HIPPI 
(HIP1-protein intractor) complex (Kalchman et al., 1997; Wanker et al., 1997; Gervais et al., 2002) 
and inhibits the activation of caspase-8. However, mutant Htt has a much lower affinity to bind 



Introduction

6

HIP1 than the wild-type protein. The influence of Htt on the formation of the HIP1/HIPPI com-
plex is suggested to be important in the loss-of-function toxicity in HD (Chapter 1.1.8)

Htt is also a substrate for Akt, a serine/threonine kinase which is known to activate survival path-
ways in cells (Humbert et al., 2002). In addition, wild-type Htt seems to act downstream of the 
cytochrome c release by mitochondria, inhibiting the formation of the apoptosome complex and 
thereby preventing the activation of caspase-9 and consequently of caspase-3 (Rigamonti et al., 
2000; 2001) Moreover, wild-type Htt was found to directly interact with active caspase-3 inhibit-
ing its proteolytic activity (Zhang et al., 2006). The mutant form of Htt can also bind to caspase-3, 
but with a lower affinity, enhancing caspase-3 activity and cell death (Zhang et al., 2006). Several 
studies have shown that expression pattern of apoptosis related proteins are dysregulated as a 
consequence of mutant Htt expression. Among these proteins are caspases (Apostol et al., 2006), 
targets of the pro-apoptotic tumor suppressor p53 (Sipione et al., 2002) and members of death 
receptor superfamily such as FAS (Anderson et al., 2008) and TNF-receptors (Borovecki et al., 
2005).

1.1.3	 Polyglutamine disorders
Besides HD nine further neurodegenerative disorders are caused by an abnormal expansion of a 
CAG-repeat. Among these are dentatorubral and pallidoluysian atrophy (DRPLA), spinocerebellar 
ataxias (SCA) 1, 2, 3, 6, 7 and 17 as well as spinal and bulbar muscular atrophy (SBMA; „Kennedy-
Disease“). Each of these disorders shows similar symptoms of motor impairment but different 
degrees of cognitive decline. The elongated polyQ region leads to the formation of large intranu-
clear and cytoplasmic aggregates and a selective loss of specific neuronal cells (Orr and Zoghbi, 
2007; Bates et al., 2002). Although neurodegeneration is a general characteristic of these disorders 
(Yuan and Yankner, 2000), the mode of cell death is still unclear. Neuronal cell death can occur 
as a result of various intra- and extracellular signals which might lead to necrosis, excitotoxicity, 
autophagic cell death or apoptosis (see below). It is likely that these processes develop in parallel 
during disease progression and orchestra neurodegeneration by promoting each other ultimately 
resulting in neuronal loss. 

Necrosis is an acute form of cell death induced by cellular stress, such as injury or high levels of tox-
ins. It does not follow the well defined cascade of chemical reactions like it is the case for apoptosis 
but there are some typical characteristics such as cell swelling, chromatin digestion, disruption of 
the plasma membrane and the organelle membranes. In late necrosis DNA is hydrolysed, vacuola-
tion of the endoplasmic reticulum and organelle breakdown occures, finally followed by cell lysis 
(Martin, 2001; Kerr et al., 1972). Excitotoxicity is caused by excessive stimulation of NMDA recep-
tor resulting in enhanced Ca2+ influx in neurons, which in turn activates mitochondrial medi-
ated apoptosis (Nicholls and Budd, 1998) (see Chapter 1.2.4). Autophagic cell death usually occurs 
under starvation conditions.  However, it can be also triggered by apoptotic signals such as growth 
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factor deprivation (Maiuri et al., 2007). In cells that undergo autophagic cell death large vacuoles 
are formed degrading organelles, prior to the nucleus being destroyed (Maiuri et al., 2007).

Apoptosis (programmed cell death) is regarded as the predominant form of neuronal death in 
chronic neurodegenerative disorders such as AD, amyotrophic lateral sclerosis (ALS) and HD 
(Thomas et al., 1995; Troost et al., 1995; Smale et al., 1995). It is a highly regulated intracellular 
degradation process characterized by the activation of various caspases organized in a succes-
sional fashion which will be described in detail in Chapter 1.2.

1.1.4	 Amyloid hypothesis
In all polyQ diseases, the expansion of the polyQ tract leads to destabilization of the protein fold. 
The protein undergoes conformational changes either before or coincident with the formation of 
highly ordered β-sheet rich aggregates, referred to as amyloid fibrils. 

In vitro studies have demonstrated that the process of amyloid formation proceeds in a time 
and concentration dependent fashion, starting with an initial lag-phase in which microaggre-
gates/spherical oligomers are formed. This lag-phase can be bypassed by addition of fibrilar seeds 
(Scherzinger et al., 1999). Once formed, the oligomeric structures can proceed to protofibrils and 
finally self-assemble into mature fibrils (Poirier et al., 2002). 

Amyloid fibrils are typically deposited in the brain and/or in peripheral tissues and have been 
linked to neurodegeneration and diseases of organ dysfunction such as cardiomyopathy (Corn-
well et al., 1988).  However, it has been proposed that early formed oligomeric structures might 
be the main toxic species rather than mature amyloid fibrils (Bucciantini et al., 2002; 2004). In 
vitro studies showed that protein aggregates with an oligomeric morphology for mammalian cells 
(Bucciantini et al., 2002; 2004). Nevertheless, the mechanisms by which amyloid fibril formation 
causes neurodegeneration in patients and the identity of the pathogenic species have not been 
determined yet.

1.1.5	 Aggregation of mutant huntingtin
The fibrillar aggregates formed by mutant Htt exon1 protein are extremely stable, protease- and 
SDS-resistant in vitro and in vivo (Scherzinger et al., 1997). Protein aggregates consisting of N-
terminal fragments of mutant Htt are found in intranuclear inclusion bodies as well as dystrophic 
neurites in brains of HD patients (DiFiglia et al., 1997; Sieradzan et al., 1999). 

There are two suggested ways for the formation of mutant Htt aggregates, the polar zipper model 
and the transglutaminase hypothesis. The polar zipper model suggests that the presence of an 
expanded polyQ tract leads to the destabilization of the tertiary Htt protein conformation which 
promotes abnormal protein-protein interactions between wild-type and mutant Htt as well as 
other polyQ containing proteins. This results in the formation of β-sheets that form polar zippers 
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via hydrogen bonds between the molecules (Perutz et al., 1994; Stott et al., 1995; Figure 1.2). These 
polar zippers can either form oligomeric intermediates or align directly to form stable β-sheet 
protofibrils which assemble into mature fibrils (Perutz et al., 1994). This zipper structures would 
be similar to amyloid cross-beta structures found in disease-associated aggregates from AD, PD 
or prion diseases.

4.8Å

Figure 1.2: Schematic representation of a polar zipper structure (Perutz et al., 1994). Structure of two paired 
antiparallel polyQ β-strands which are linked by hydrogen bonds between main and side chains.

Another hypothesized way of fibril formation proposes an enzymatically mediated crosslinking. 
According to this theory, transglutaminases, enzymes which mediate the crosslinking of glutamine 
residues, play a role in the formation of aggregates by linking polyQ-rich protein sequences. It was 
shown that Htt serves as a substrate for transglutaminases (Kahlem et al., 1998) and that the trans-
glutaminase activity is increased in HD brains (Karpuj et al., 1999). According to this hypothesis 
the presence of an elongated polyQ tract in the disease protein will result in an enhanced trans-
glutaminase-mediated crosslinking.

1.1.6	 Htt inclusions may have a protective role
Since Htt aggregates in intranuclear inclusions (Chapter 1.1.4) are a hallmark of HD it has been 
hypothesized that the formation of aggregates may be the trigger for the neuronal degeneration. 
However, it is still under debate whether inclusions found in HD brains represent a toxic or pro-
tective structure. In human brains the density of inclusions in the cortex correlates with the CAG-
repeat length (DiFiglia et al. 1997; Becher et al., 1998). However, only little correlation between the 
number of inclusions and cell death in the most affected areas of HD brains has been observed 
(Gutekunst et al., 1999; Kuemmerle et al., 1999). Furthermore, promotion of inclusion formation 
was found to rescue Htt-induced proteasome dysfunction in a cell culture model (Bodner et al., 
2006). 
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It seems possible that the sequestration of misfolded proteins into inclusions and the formation of 
aggregates represent a way to protect cells against misfolded proteins being more toxic in a soluble 
than in an aggregated form (Ciechanover and Brundin, 2003; Gunawardena and Goldstein, 2005). 
When striatal neurons were transfected with mutant Htt under conditions suppressing the forma-
tion of inclusions an increase in neuronal cell death was observed, supporting the hypothesis of 
a protective role of Htt inclusions (Saudou et al., 1998). Moreover, it was demonstrated that cells 
containing Htt inclusions survive better than cells without such structures (Arrasante et al., 2004). 
This suggests that large inclusions with Htt aggregates might be less toxic than soluble mutant Htt. 
Moreover, cells with mutant Htt in a soluble form are likely to contain oligomeric structures. Such 
oligomeric forms and protofibrils may be highly reactive because of their larger surface area which 
may correlate with toxicity.

1.1.7	 Degradation of Htt aggregates
Under normal conditions misfolded proteins are degraded in the cell via two pathways. In the ubiq-
uitin-proteasome system (UPS) proteins are tagged for degradation by conjugation of ubiquitin, 
followed by their destruction in the 26S proteasome (Ciechanover and Brundin, 2003). In neuro-
degenerative disorders accumulation of ubiqutinated proteins is often found in protein aggregates 
(Lennox et al., 1988; Lowe et al., 1988). In many cases these proteins are furthermore associated 
with subunits of the proteasome (Bence et al., 2001, Waelter et al., 2001b). This may reflect the 
failure of the UPS to remove the abnormal proteins. A possible explanation for this phenom-
enon in polyQ disorders is the inability of eukaryotic proteasomes to cut peptides with glutamine 
chains of 9-29 Qs and the occasional failure of protein fragments of more than 35 Qs to exit the 
proteasome (Holmberg et al., 2004; Venkatraman et al., 2004).

Autophagy represents another pathway for protein degradation, particularly for protein complexes 
or aggregates which are too big to be degraded in the narrow pore of the proteasome. In the 
process of macroautophagy intracellular components are sequestered into an autophagic vacuole 
(autophagosome) which subsequently fuses with lysosomes to degrade the contents (Levine and 
Kroemer, 2008). Kegel and colleagues found an increase in autophagosomes in striatal cells ex-
pressing mutant Htt (Kegel et al., 2000). The sequestration of misfolded proteins and their degra-
dation may prevent their toxicity. Thus, increased autophagy may be a consequence of the accu-
mulation of misfolded and aggregated proteins.

1.1.8	 Mutant Htt and cellular dysfunction
The elongation of the polyQ tract in Htt is believed to affect the function of the protein in two 
ways: on the one hand the expansion mutation leads to new functions of the protein which are 
toxic (“toxic gain-of-function”). On the other hand a toxic loss-of-function of wild-type Htt might 
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take place. Both alterations in Htt may contribute to the disruption of intracellular processes, even-
tually resulting in neuronal dysfunction and cell death. 

Gain-of-function

The primary consequence of the expansion mutation in the HD gene is a toxic gain-of-function 
of the Htt protein. Proteolytic cleavage of the mutant Htt protein leads to formation of N-terminal 
fragments (Kim et al., 2001), which then are translocated to the nucleus where they form aggregate 
structures (Ona et al., 1999; Chapter 1.1.2.). The nuclear localization of mutant Htt was shown to 
enhance its toxicity in cell culture and mouse models (Saudou et al., 1998; Ross and Poirier, 2004; 
Schilling et al., 2004). Toxicity of Htt in the nucleus may be caused by interference of mutant Htt 
with physiological gene transcription. 

Many transcriptional regulators contain glutamine-rich activating domains which are necessary 
for the interaction with transcription factors. Proteins carrying polyQ stretches like Htt could bind 
to these domains leading to changes in transcriptional activity of the binding partner (Schaffar et 
al., 2004; Gerber et al., 1994).

CBP (CREB-binding protein) and Sp1 (Specificity protein 1) are two major transcriptional regula-
tors shown to interact with mutant Htt. CBP is an important transcription co-activator and media-
tor of neuronal cell survival. It contains a C-terminal glutamine-rich domain which can interact 
with mutant Htt. It was demonstrated that this interaction induces cellular toxicity (Steffan et al., 
2000). Furthermore, sequestration of CBP into Htt aggregates was observed in cell and mouse 
model systems (Kazantsev et al., 1999; Steffan et al., 2000; Nucifora et al., 2001). 

Similar to CBP, the transcription activator Sp1 also contains a glutamine-rich activation domain, 
which binds and regulates the basal transcriptional machinery including (TAF)II130 (Tanese and 
Tjian, 1993). Sp1 can specifically bind to the N-terminus of mutant Htt (Yu et al., 2002). This 
disturbs Sp1-mediated gene regulation by disrupting the Sp1–TAFII130 protein complex and 
altering the expression of certain Sp1 neuronal target genes such as the dopamine D2 receptor 
(Dunah et al., 2002).

Another important transcription factor, p53, has been found to interact with mutant Htt 
(Steffan et al., 2000). It regulates expression of several mitochondrial proteins such as the apoptosis 
mediator BAX (Miyashita and Reed, 1995; Polyak et al., 1997). Expression levels of p53 and its 
activity have been found to be increased in cellular systems expressing mutant Htt as well as in HD 
transgenic mice and HD patients (Bae et al., 2005).  This suggests that mitochondrial functions and 
apoptosis are altered in HD.

The toxic gain-of-function of mutant Htt is also believed to interfere with mitochondrial medi-
ated calcium homeostasis and apoptosis. The elongation of the polyQ stretch in Htt was shown to 
decrease mitochondrial ATP/ADP production (Seong et al., 2005).  Impaired energy metabolism 
of mitochondria may lead to this reduction in ATP production. This may also be accompanied by 
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a reduction of mitochondrial membrane potential which results in a higher sensitivity to NMDA-
mediated calcium influx and excitotoxicity (Novelli et al., 1988; Fagni et al., 1994). Moreover, it was 
shown that mutant Htt has a potentiating effect on NMDA receptor activity leading to increased 
calcium influx (Zeron et al., 2004; 2002), impairment of mitochondrial function and increased 
oxidative stress (Lafon-Cazal et al., 1993; Reynolds and Hastings, 1995), eventually resulting in 
excitotoxicity.

Loss-of-function 

Htt misfolding is thought to indirectly lead to loss-of-function toxicity by sequestering other 
proteins into Htt aggregates. Like other misfolded proteins Htt is bound by heat-shock proteins 
(HSPs) such as Hsp40 and Hsp70 as a cellular attempt to refold the mutant protein (Jana et al., 
2000). However, these chaperones are sequestered into Htt aggregates, which prevent them to exert 
their normal functions (Sakahira et al., 2002). This may lead to accumulation of other misfolded 
proteins in addition to aggregated Htt (Hay et al., 2004). Besides heat shock proteins, several com-
ponents of the proteasome like catalytic and regulatory subunits as well as ubiquitin conjugating 
enzymes are sequestered into the aggregates (Wyttenbach et al., 2000; Jana et al., 2001). This results 
in the impairment of the ubiquitin-proteasome system (Bence et al., 2001). The presence of ubiqui-
tin residues in Htt aggregates indicates that the cell tags the protein for degradation by the protea-
some. The expansion mutation however, prevents the proteasomal degradation (Jana et al., 2001). 
This leads to a progressive accumulation of misfolded proteins within the cell which eventually 
can induce cell death by apoptosis or autophagy (Jana et al., 2001; Iwata et al., 2005).

The formation of mutant Htt aggregates is assumed to impair axonal transport. As described in 
Chapter 1.1.2, wild-type Htt acts in axonal transport via interaction with HAP1. The mutant form 
of Htt alters the formation of the HAP1/p150 complex leading to an impaired association of motor 
proteins and microtubules. This may result in the loss of BDNF transport and of neurotrophic 
support in neurons (Gauthier et al., 2004). Another hypothesis suggests that mutant Htt aggre-
gates physically block axons on their narrow terminals (Gunawardena and Goldstein, 2005). The 
impairment of axonal transport may directly lead to disruption of postsynaptic signal transmis-
sion by either reducing the concentration of synaptic vesicles or by altering the availability of 
synaptic proteins. This may happen as a result of protein sequestration into Htt aggregates by 
interaction with mutant Htt or as a consequence of transcriptional dysregulation triggered by Htt 
(Li et al., 2003).

As further described in Chapter 1.1.2, wild-type Htt has a protective effect through its interaction 
with HIP1, which prevents the formation of the HIP1/HIPPI complex and activation of caspase-8 
(Gervais et al., 2002). The mutant form of Htt binds with lower affinity to HIP1 than the wild-type 
protein. Under disease conditions mutant Htt aggregates sequester wild-type Htt into neuronal in-
clusions and thereby deplete it from the cytoplasm. As a consequence less amounts of free normal 
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Htt are present in the cell leading to enhanced liberation of HIP1, formation of the HIP1/HIPPI 
complex and activation of caspsase-8 (Gervais et al., 2002).

1.2	 Cell death and apoptosis 
In general, cell death occurs in response to a variety of stimuli by either necrosis or apoptosis. In case 
of necrosis death stimuli such as acute ischemia or injury (Linnik et al., 1993; Emery et al., 1998) 
lead directly to cell death. Necrotic cell death is characterized by mitochondrial and nuclear 
swelling, condensation of chromatin followed by disruption of organelle and plasma membranes, 
DNA degradation by random enzymatic cleavage and eventually cell lysis (Martin, 2001; 
Kerr et al., 1972).

Apoptosis, also known as programmed cell death, is a normal event in the life cycle of multicellular 
organisms. Apoptotic cells die in response to several stimuli in a controlled and regulated process, 
in which the cell itself plays an active role, which is why apoptosis is often termed “cellular suicide”. 
The process is characterized by the induction of a caspase protease activation cascade that destroys 
cell survival factors by cleavage and activates pro-apoptotic molecules. This process is accompa-
nied by condensation of the cytoplasm, aggregation of mitochondria and ribosomes, nucleus con-
densation and aggregation of the chromatin. In the end stage of cell death the chromosomal DNA 
is cleaved to 180 bp internucleosomal fragments and small vesicles - so called “apoptotic bodies” 
-  are formed (Hengartner, 2000; Wyllie et al., 1980; Kerr et al., 1972; Wyllie, 1980; Liu et al., 1997). 
Two major pathways for activation of the apoptotic cascade can be distinguished. On the one hand 
the cascade is activated by extrinsic death receptor-mediated signaling triggered by extracellular 
signals that induce intracellular interactions that lead to cell death. On the other hand the caspase 
cascade is activated by intrinsic signaling as a result of intracellular stress like radiation, growth 
factor deprivation or oxidative stress (Elmore, 2007).

1.2.1	 Extrinsic apoptosis signaling via death receptor
The death receptor pathway (Figure 1.3) is triggered by extracellular signaling molecules which 
bind to members of the death receptor superfamily such as Fas/CD95 or TNFR1 (tumor necrosis 
factor receptor 1).  Binding of ligands like FasL or TNF-alpha to the receptor results in a clustering of 
death receptors that facilitates signal amplification.  Following the binding of the ligand and recep-
tor clustering, conformational changes in the intracellular domains lead to the presentation of a 
death-domain. Binding of TNF-alpha to the TNFR1 receptor results in binding of the intracellular 
adaptor molecule TRADD (TNFR-associated death domain) to the receptor death domain and re-
cruitment of other proteins like FADD (Fas-associated via death domain) (Hsu et al., 1995). Inter-
action of FasL with the receptor leads to the binding of FADD to the receptor via its death domain 
(DD) (Boldin et al., 1995; Chinnaiyan et al., 1995), and the formation of a protein complex termed 
DISC (death inducing signaling complex) (Kischkel et al., 1995). The binding of FADD enables 
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the complex to recruit and bind numerous pro-caspase-8 molecules by homotypic interactions via 
their “death effector domains” (DED) (Boldin et al., 1996; Muzio et al., 1996). 

Caspase-8 activation in the DISC is a two step process. First, procaspase-8 molecules dimerize 
and undergo conformational changes resulting in the gain of full enzymatic activity. In the second 
step the activated caspase is autoproteolytically processed to allow the dissociation of caspase-8 
from the DISC complex (Boatright et al., 2003). Caspase-8 proteolytically activates effector (or 
“executioner”) caspases such as caspase-3 and caspase-7 (Cryns and Yuan, 1998). These proteins 
subsequently process their apoptotic substrates such as ICAD (inhibitor of caspase-activated 
DNase), whose cleavage leads to CAD (caspase-activated DNase) mediated DNA fragmentation 
(Liu et al., 1997; Enari et al., 1998; Sakahira et al., 1998). Activation of caspase-8 can be blocked by 
the enzymatically inactive caspase homologue c-FLIP (Irmler et al., 1997).

Besides caspases -3 and -7, BID, a pro-apoptotic Bcl-2 family member, represents another critical 
substrate of caspase-8. Proteolytical cleavage of BID to the truncated form tBID results in its 
translocation from the cytosol to the outer mitochondrial membrane where it initiates membrane 
permeabilisation by oligomerisation of BAX and BAK (Esposti, 2002). This promotes pore forma-
tion and cytochrome c release. The molecules BID and tBID integrate the death receptor and the 
mitochondrial pathway and serve as the linker between the two pathways (Esposti, 2002).

1.2.2	 Mitochondria-mediated (“intrinsic”) apoptosis signaling
In contrast to the receptor-mediated pathway in which apoptosis signaling is induced by ligand 
binding to a receptor, the intrinsic or mitochondrial mediated pathway is activated by non-recep-
tor-mediated stimuli. The stimuli initiating this pathway can be the withdrawal of growth factors, 
cytokines or hormones which lead to a failure of apoptosis suppression (Elmore, 2007). Alterna-
tively, the direct insults such as ischaemia, oxidative stress excitotoxicity or radiation can activate 
the intrinsic pathway. In neurodegenerative disorders injurious signals can include toxic proteins 
or lipids such as ceramides (Pettus et al., 2002). 

All these intrinsic stimuli cause changes in the mitochondrial membrane resulting in mem-
brane permeabilization, loss of mitochondrial membrane potential and release of pro-apoptotic 
proteins (Saelens et al., 2004; Birbes et al., 2002). One group of released proteins is involved in 
the caspase-dependent mitochondrial pathway. It consists of cytochrome c, Smac/DIABLO and 
HtrA2/Omi (Du et al., 2000; van Loo et al., 2002a; Garrido et al., 2006). After release from the 
mitochondria cytochrome c associates with Apaf-1 (apoptosis protease activating factor-1) which 
leads to the recruitment of pro-caspase-9 molecules into a multiprotein complex. This complex, 
consisting of oligomerized Apaf-1, cytochrome c and pro-caspase-9 is termed the “apoptosome” 
(Chinnaiyan, 1999; Hill et al., 2004). The formation of the apoptosome results in autoactivation 
of caspase-9 and initiates the downstream activation of the caspase cascade leading to cleavage 
of effector caspases -3 and -7. Smac/DIABLO and HtrA2/Omi release results in the sequestration 
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of IAPs (inhibitors of apoptosis proteins) which prevent the activation of downstream caspases 
(van Loo et al., 2002b; Schimmer, 2004).

A second group of pro-apoptotic proteins released by mitochondria contains AIF (apopto-
sis inducing factor), endonuclease G and ICAD. After release from the mitochondria all three 
factors translocate to the nucleus and cause DNA fragmentation (Joza et al., 2001; Li et al., 2001; 
Enari et al., 1998). Whereat AIF and endonuclease G act independently of caspase activation, how-
ever ICAD is proteolytically activated by caspase-3 to generate active CAD (Enari et al., 1998). 

Members of the Bcl-2 family are important factors which control key events in the mitochon-
drial mediated apoptosis pathway (Cory and Adams, 2002). They can be classified into pro- and 
anti-apoptotic proteins. Bcl-2 proteins are localized at the surface of mitochondria influencing 
mitochondrial membrane permeability and cytochrome c release. Bcl-10, BAX, BAK, BID, BAD, 
BIM, BIK and BLK serve as pro-apoptotic proteins, whereas Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w 
and BAG have anti-apoptotic functions. The relative abundance of pro- and anti-apoptotic factors 
determines the fate of a cell to undergo apoptosis. However, the exact mechanism for cell death is 
still unclear.
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Figure 1.3: Intrinsic and extrinsic pathways of caspase activation in mammals (modified from D’Amelio 
et al., 2009).
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1.2.3	 Caspases: the major effectors
Both apoptotic pathways described above end in the final execution phase, in which caspases 
play major roles. Caspases are cysteine proteases which are homologous to each other and are 
highly conserved through evolution (Alnemri et al., 1996). All caspases have an active-site cysteine 
and cleave their substrates after aspartic acid residues. Their respective specificities are deter-
mined by the composition of four amino-terminal residues next to the cleavage site (Thornberry 
et al., 1997). Inhibition of caspase activity results in reduction or even prevention of apoptosis 
(Earnshaw et al., 1999). In proliferating cells caspases exist as enzymatically inactive zymogens, 
composed of an N-terminal prodomain and the two domains p10 and p20, which represent the 
mature enzyme after activation. Activated caspases are heterotetramers composed of two p20/p10 
heterodimers (Earnshaw et al., 1999). The members of the caspase protease family are classified 
according to their function in the apoptotic caspase cascade into upstream initiators and down-
stream effectors (executioners). Upstream caspases such as caspase-2, -8, -9 and -10 are activated 
by an apoptosis signal as described in Chapter 1.2.1 and 1.2.2. Effector caspases such as caspase-3, 
-6 and -7 act downstream of the initiator caspases. They are activated by proteolytic cleavage by 
the upstream caspases. After activation, effector caspases mediate cell death either by destruction 
of survival promoting proteins or by activation of pro-apoptotic factors, eventually leading to the 
characteristic morphological and biochemical changes (Slee et al., 2001). Various intracellular 
components are targets for activated caspases. Cleavage of nuclear lamins (filaments forming the 
nuclear lamina), which are involved in chromatin condensation and nuclear shrinkage, is often 
observed. As described in Chapter 1.2.2 cleavage of ICAD causes the release of an endonuclease 
(CAD) and its translocation into the nucleus to fragment DNA (Sakahira et al., 1998). Cleavage of 
cytoskeletal proteins such as actin, plectin, Rho kinase 1 (ROCK1) and gelsolin leads to cell frag-
mentation, blebbing (formation of “bulges in the plasma membrane caused by localized decoupling 
of the cytoskeleton from the plasma membrane”; http://en.wikipedia.org/wiki/Blebbing) and the 
formation of apoptotic bodies (Kothakota et al., 1997). 

1.2.4	 Cytotoxicity and apoptosis in Huntington’s disease
In the brain of HD patients several caspases have been shown to be activated (Vis et al., 2005; 
Kiechle et al., 2002). Caspase activity was found to be connected to Htt in two ways.  On the one 
hand the expression and aggregation of mutant Htt causes activation of caspases by its altered 
function as described in Chapter1.1.8. On the other hand it serves as a caspase substrate itself.

 Activation of caspases by mutant Htt

Overexpression and aggregation of mutant Htt induces intracellular stress like mitochon-
drial or ER stress which results in activation of several caspases such as caspase-3/7, -9 
and -8 (Hackam et al., 2000; Rigamonti et al., 2001; 2000; Zeron et al., 2004; Apostol et al., 2006; 
Zhang et al., 2006). Mitochondrial abnormalities such as alterations of membrane potentials and 
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depolarization at lower calcium levels have been observed in several HD models (Sawa et al., 
1999; Panov et al., 2002).  Mutant Htt was demonstrated to directly bind to the mitochondrial 
membrane (Choo et al., 2004; Panov et al., 2002) leading to membrane depolarization. Moreover, 
mitochondrial proteins such as death signaling factors and proteins of the respiratory chain are 
transcriptionally dysregulated in the presence of mutant Htt (Bae et al., 2005; Cui et al., 2006). This 
increases susceptibility of the mitochondrial membrane to depolarization and results in release 
of cytochrome c or AIF (Green and Reed, 1998; van Loo et al., 2002a). These events activate the 
intrinsic apoptosis signaling cascade in which the apoptosome complex is formed and caspase-9 
and -3 are activated. Additionally, induction of apoptosis signaling is associated with endoplas-
matic reticulum (ER) stress as a consequence of misfolded protein accumulation and aggregation 
which also activates mitochondrial apoptosis signaling (Smith and Deshmukh, 2007; Puthalakath 
et al., 2007). Furthermore, caspase-9 is activated independently of the apoptosome via the mis-
folded protein response (Morishima et al., 2002; Rao et al., 2002). As described in Chapter 1.1.8 
mutant Htt overexpression furthermore influences caspase activation of caspase-8 and -3 via its 
interaction with HIP1.

Cleavage of Htt by caspases

The Htt protein has been demonstrated to be a substrate for several caspases (Goldberg et al., 1996; 
Wellington et al., 1998, 2000), since it contains cleavage sites for caspase-3 at amino acids D513 
and D552, for caspase-2 at D552 and for caspase-6 at D586  (Figure 1.1; Wellington et al., 1998, 
2000). Two additional caspase-3 cleavage sites located at amino acids D530 and D589 were shown 
to be silent (Wellington et al., 2000). The cleavage of mutant and wild-type Htt at the active sites 
generates N-terminal protein fragments. Studies using transgenic HD mouse models demonstrated 
that effector caspase-1 gene transcription is upregulated in early stages of the disease (Ona et al., 
1999). During disease progression the transcription of the gene encoding caspase-3 is upregulated 
and the protein becomes activated (Chen et al., 2000; Apostol et al., 2006). During progression of 
disease activities of caspase-1 and -3 are increased which results in an enhanced generation of Htt 
fragments (Wellington et al., 2000). 

The enhanced cleavage of  wild-type Htt eventually results in the depletion of the normal protein 
(Ona et al., 1999), which plays an important role in transcription regulation of the neurotrophic 
factor BDNF, a pro-survival factor (Zuccato et al., 2001). BDNF was shown to protect cells from 
apoptosis by inhibition of caspase-9 and caspase-3 mediated apoptosis signaling (Rigamonti et al. 
2000; 2001). Recent studies support the hypothesis that caspase-3-mediated cleavage of mutant 
Htt is crucial for induction of neuronal cell death. Inhibition of caspase-3 resulted in a significant 
reduction in neuronal cell death after striatal lesions induced by malonate (inhibitor of the mito-
chondrial enzyme succinate dehydrogenase) in adult rats (Toulmond et al., 2004). Proteolytical 
cleavage of Htt results in nuclear translocation of the cleavage products which leads to further 
upregulation of caspase-1 transcription (Ona et al., 1999). N-terminal Htt fragments generated by 
caspase cleavage are translocated from the cytosol into the nucleus where they form intranuclear 
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inclusions, which links activation of caspases to aggregate formation. The nuclear translocation 
then results in abnormal protein interactions altering transcriptional regulation of pro- or anti- 
apoptotic genes closing the circle of caspase-mediated Htt cleavage and induction of caspase 
activation.

1.3	 Model systems reproducing HD features
Within the last years several model systems for polyQ-repeat diseases have been developed in 
mouse, rat, C. elegans, Drosophila, yeast and numerous cell-culture systems (Bates et al., 2002; 
Ross, 2002, Rubinsztein, 2002) to model different aspects of disease. Within this study I used two 
mammalian cell culture systems and a transgenic mouse model to investigate mutant Htt-induced 
cytotoxicity and its modulation.

Transiently transfected Neuro2a cells

The expression of mutant Htt results in the formation of amyloid fibrils and cytotoxicity (Zoghbi 
and Orr, 2000; Scherzinger et al., 1999). To identify new potential modifiers of Htt-induced cyto-
toxicity in RNAi knock-down assays I used a mouse neuroblastoma cell line (Neuro2a) as a model 
system. The cell line was developed in 1970 by K. N. Prasad (Prasad et al., 1970) and is commonly 
used as a model system to study polyQ disorders such as HD and SCA (Omi et al., 2008; Wang et al. 
1999; Yoshida et al., 2002). In addition it was utilized to investigate protein misfolding diseases like 
PD or AD (Uney et al., 1993; Zhou et al., 2008; Filiz et al., 2008; Dumanchin-Njock et al., 2001). 
To perform a toxicity modifier screen I transfected the cells with an expression vector (pcDNAI-
HD320_Q68) encoding an N-terminal human Htt fragment with 320 aa and a polyQ stretch of 68 
glutamines. The expression of this Htt protein leads to the formation of SDS-resistant aggregates 
detectable by filter retardation assay (Scherzinger et al., 1997) and causes cytotoxicity which can be 
monitored by caspase activation assays (Filiz et al., 2008; Dumanchin-Njock et al., 2001). 

Inducible expression of Htt in PC12 cells

To study the pathogenic mechanisms leading to cytotoxicity in detail an inducible rat phaeochro-
mocytoma (PC12) cell model system was used. Originally, this cell line was derived from a phaeo-
chromocytoma of the rat adrenal medulla (Greene and Tischler, 1976). It can be reversibly dif-
ferentiated into neurons by addition of nerve growth factor (NGF). The HD PC12 cell lines used 
in this study were generated by B. Apostol and colleagues (2003). They contain a stably integrated 
sequence for the expression of a human N-terminal Htt fragment, which can be induced by addi-
tion of  ponasterone A or muristerone A to the cells. Two different truncated Htt exon1 proteins 
with either 25 or 103 glutamine residues and a carboxy-terminal EGFP epitope tag are produced in 
the PC12 cell lines (Apostol et al., 2003). A schematic representation of the expression constructs is 
shown in Figure 2.6. Cells expressing the Htt protein with a wild-type polyQ tract (Htt25Q-EGFP) 
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show a diffuse distribution of the EGFP fusion protein (Figure 2.9), whereas expression of Htt 
with an expanded polyQ stretch of 103 glutamines (Htt103Q-EGFP) results in the formation of 
cytosolic aggregates (Apostol et al., 2003; Figure 2.8 and 2.9) and cytotoxicity, which can be moni-
tored by caspase-3/7 assays (Apostol et al., 2006; this study).  

The transgenic HD mouse model TgHD82Q

The transgenic mouse model I used in this study was generated by G. Schilling and colleagues 
in 1999 (Schilling et al., 1999). The animals contain a cDNA construct expressing an N-terminal 
Htt fragment of 171 aa and a polyQ tract of 82 glutamines (N171-82Q) (Schilling et al., 1999). The 
mice expressing N171-82Q develop behavioral abnormalities such as tremor, loss of coordination, 
hypokinesis and abnormal gait. The first symptoms appear at 2 months of age with the failure to 
gain weight and in the last 4 – 6 weeks of the lifespan the animals lose weight.  Impairment of motor 
function is visible at the age of 3 months followed by progressive behavioral symptoms, including 
tremor, uncoordination, hypokinesis and hindlimb clasping. In the endstage of the disease trans-
genic mice are smaller and less responsive to stimuli than healthy control animals (Schilling et al., 
1999). Moreover, intranuclear inclusions and neuritic aggregates of Htt were found in multiple 
populations of neurons in these mice (Figure 1.4; Schilling et al., 1999).

(modified from Schilling et al., 1999). Inclusions are stained with a polyclonal antibody AP194 recognizing Htt 
N-terminal amino acids 1-17 in sections of  (A) pyriform cortex of transgenic and (B) control animals; inclusions 
in (C) striatum, (D) cortex, (E) hippocampus and (F) dentate gyrus are shown (inclusions are indicated by arrow-
heads).  

Figure 1.4: Intranuclear neuronal inclusions in multiple neuron populations of endstage N171-82Q mice 
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1.4	 The DEAD-box protein family
DEAD-box proteins are a large group of 38 putative RNA helicases which have been shown 
to be involved in every aspect of RNA metabolism such as transcription, pre-mRNA splicing, 
rRNA processing, in RNA transport, translational initiation, ribosomal biogenesis and RNA 
decay (de la Cruz et al., 1999; Luking et al., 1998). Members of this protein family are found in 
most organisms from prokaryotes to humans. The protein family was first defined as a group 
of NTPases sharing common sequence elements (Gorbalenya et al., 1989). Today, DEAD-box 
proteins are characterized by sharing nine conserved sequence motifs with very little variation 
(Linder et al., 1989; Tanner et al., 2003). The presence of these motifs is a criterion for classification 
of a protein within the family of helicases, but an enzymatic activity has been demonstrated only 
for a limited number of these proteins.

Figure 1.5: A schematic presentation of conserved motifs in DEAD-box protein family members  (from Rocak 
and Linder, 2004). The Q-motif, motifs I, II (Walker motif A and B) and Motif VI bind ATP and are required for its 
hydrolysis. Motifs Ia, Ib, IV and V are supposed to be involved in RNA binding.

The nine conserved motifs are as follows: Q-motif, motif I, motif Ia, motif Ib, motif II, motif III, 
motif IV, motif V, and motif VI (Figure 1.5.) Motif II is also known as the “Walker B motif ” and 
contains the name giving amino acid sequence D-E-A-D (Asp-Glu-Ala-Asp). This motif, as well 
as motif I (“Walker A motif ”), Q-motif and motif VI, is required for ATP binding and hydrolysis 
(Tanner et al., 2003; Blum et al., 1992; Pause et al., 1994; 1992), whereas motifs Ia and Ib, III, IV 
and V are supposed to be involved in the interaction with RNA (Svitkin et al., 2001).

Table 1.1 gives an overview about the members of the DEAD-box protein family and 
their intracellular function if known. Several DEAD-box proteins were found to influence 
transcription by interacting with components of the transcription machinery (Yan et al., 2003; 
Rajendran et al., 2003; Rossow and Janknecht, 2003). In addition they were shown to act as co-
activators/-suppressors (Yan et al., 2003; Rajendran et al., 2003). In pre-mRNA splicing members 
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of the DEAD-box protein family are believed to promote the remodeling and dissociation of the 
RNA-protein complex by their ATPase activity (Kistler and Guthrie, 2001; Chen et al., 2001). 
Ribosome biogenesis is a multistep process in which several RNA species, numerous ribosomal 
proteins, and many trans-acting factors are involved. DEAD-box proteins were demonstrated to 
be critical for rRNA maturation (de la Cruz et al., 1999; 2003; Kressler et al., 1999). In S. cerevi-
siae, 14 out of the 24 known DEAD-box proteins are required for ribosomal subunit formation 
(Kressler et al., 1999). Export of mRNA from the nucleus into the cytosol through the nuclear pore 
also requires binding of DEAD-box proteins (Linder and Stutz, 2001; Keene, 2003). To facilitate 
translocation the protein-RNA complex the DEAD-box proteins interact with components of the 
nuclear pore (Zhao et al., 2002; Weirich et al., 2004). Two members of the DEAD-box family eIF4A 
and Ded1 have been shown to be essential for translation initiation in yeast (Linder, 2003). Within 
this process they are supposed to unwind secondary RNA structures and to remove other proteins 
bound to the mRNA (Svitkin et al., 2001; Berthelot et al., 2004). Eventually, DEAD-box proteins 
are required for RNA degradation, the so called RNA decay. RNA degradation occurs in the exo-
some, a complex of several exonucleases that degrade RNAs in the nucleus and in the cytoplasm 
(Raijmakers et al., 2004).

Interestingly, two members of the DEAD-box protein family were found to be involved in apoptosis 
signaling. In 2005, the DEAD-box family member DDX47 was identified as an interaction partner 
of GABAA receptor-associated protein (GABARAP), a molecular chaperone for the GABAA 
receptor in cortical neurons (Lee et al., 2005). Lee and colleagues could demonstrate that the 
co-transfection of GABARAP and DDX47 cDNA in a tumor cell line induces apoptosis.

Furthermore, a very recent study by Sun and colleagues identified DDX3 as a component of an 
anti-apoptotic protein complex (Sun et al., 2008). This complex is associated with death receptors 
and contains glycogen synthase kinase-3 (GSK3), DDX3 and the cellular inhibitor of apoptosis 
protein-1 (cIAP-1). In this study DDX3 was shown to act in a protective manner blocking 
the induction of death receptor-mediated apoptosis signaling (Chapter 1.2.1) which results in 
activation of caspase-3 (Sun et al. 2008).

Table 1.1: Human DEAD-box proteins (modified from Linder, 2006)

Gene 
Symbol Alias Function Reference

DDX1 DBP-RB; UKVH5d; 
DDX1

Amplified in retinoblastoma; cellular co-
factor of HIV-1 Rev, nucleolar

Andersen et al., 2005 
Godbout and Squire, 1993 
Fang et al., 2004

DDX2A eIF4A I Translation initiation Rogers et al., 2002

DDX2B eIF4A II Translation initiation Rogers et al., 2002
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Gene 
Symbol Alias Function Reference

DDX3Y DBY Role in spermatogenesis Sekiguchi et al., 2004 
Ditton et al., 2004

DDX3X DBX; DDX3; HLP2; 
DDX14; DDX3X

Role in spermatogenesis; 
transcription activator;  
potential tumor suppressor

Andersen et al., 2005 
Chung et al., 1995 
Yedavalli et al., 2004

DDX4 VASA; MGC111074; 
DDX4

Translation initiation; 
similar to Drosophila Vasa that interacts 
with eIF5B

Castrillon et al., 2000 
Johnstone et al., 2004

DDX5 p68; HLR1; G17P1; 
HUMP68

Transcription; pre-mRNA splicing;  
mRNA stability and ribosome 
biogenesis; nucleolar; 
co-activator of p53 mediated stress re-
sponse (anti-apoptotic function)

Andersen et al., 2005 
Hloch et al., 1990 
Ford et al., 1988 
Bates et al., 2005

DDX6 p54; RCK; HLR2 Oncogene RCK; 
translation initiation of 
c-myc mRNA; nuclear; 
assembly of stored mRNP particles;  
mRNA masking in analogy to clam 
homologue

Minshall et al., 2001 
Smillie et al., 2002 
Akao et al., 2003 
Akao et al., 1992 
Lu and Yunis, 1992

DDX10 HRH-J8 Nucleolar Andersen et al., 2005 
Fischer and Weis, 2002

DDX17 p72; RH70 Nucleolar; transcription regulation Andersen et al., 2005 
Lamm et al., 1996 
Wilson et al., 2004

DDX18 MrDb Mcy-regulated; nucleolar Andersen et al., 2005 
Grandori et al., 1996

DDX19A DDX19L   Schmitt et al., 1999

DDX19B DBP5; RNAh; DDX19 mRNA export Schmitt et al., 1999

DDX20 DP103; GEMIN3 Spliceosomal snRNP biogenesis Charroux et al., 1999 
Grundhoff et al., 1999

DDX21 GUA; GURDB; RH-II/
GU; RH-II/GuA

Ribosomal RNA production;  
co-factor for c-Jun-activated 
transcription

Andersen et al., 2005 
Valdez et al., 1996 
Henning et al., 2003 
Yang et al., 2003

DDX23 prp28; PRPF28; 
MGC8416; U5-100K; 
U5-100KD

Pre-mRNA splicing Teigelkamp et al., 1997
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Gene 
Symbol Alias Function Reference

DDX24   Nucleolar Andersen et al., 2005 
Zhao et al., 2000

DDX25 GRTH Gonadotropin-regulated 
testicular RNA helicase; component of 
mRNP particle; 
regulator of the tumor necrosis factor 
receptor 1 and caspase pathways and 
promotes NF-kB function to control 
apoptosis in spermatocytes

Tang et al., 1999 
Gutti et al., 2008

DDX27 RHLP; Rrp3p; PP3241; 
HSPC259

Nucleolar Andersen et al., 2005

DDX28 MDDX28 Mitochondrial and nuclear localization Valgardsdottir et al., 2001

DDX31   Nucleolar Andersen et al., 2005

DDX39 BAT1; DDXL; BAT1L; 
URH49

Pre-mRNA splicing and export Pryor et al., 2004

BAT1 UAP56; DDX39B Pre-mRNA splicing and export Peelman et al., 1995 
Fleckner et al., 1997 
Lehner et al., 2004

DDX41 ABS   Irion et al., 2004 
Irion and Leptin, 1999

DDX42 SF3b125; RHELP; 
RNAHP

Pre-mRNA splicing;  
splicing

Will et al., 2002

DDX43 CT13; HAGE Displays tumor-specific expression Martelange et al., 2000

DDX46 Prp5; PRPF5 Pre-mRNA splicing Will et al., 2002

DDX47 E4-DBP Co-transfection of GABARAP and DDX47 
cDNA into a tumor cell line induces apop-
tosis, nucleolar

Andersen et al., 2005 
Scherl et al., 2002

DDX48 EIF4A3 Component of the EJC (Exon-Junc-
tion- Complex); has also been found in 
proteomic studies of the nucleolus

Ferraiuolo et al., 2004 
Andersen et al., 2005 
Chan et al., 2004

DDX49   Nucleolar Andersen et al., 2005
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Gene 
Symbol Alias Function Reference

DDX50 GU2; GUB; MGC3199; 
RH-II/GuB

Localizes to nuclear speckles containing 
splicing factor SC35; 
co-factor for c-Jun-activated 
transcription, nucleolar

Andersen et al., 2005 
Valdez et al., 2002a 
Valdez et al., 2002b 
Westermarck et al., 2002

DDX51   Nucleolar Andersen et al., 2005

DDX52 ROK1; HUSSY19 Nucleolar Andersen et al., 2005

DDX53 CAGE; CT26 CAGE is expressed in a variety of cancers 
but not in normal tissues except testis

Cho et al., 2002

DDX54 DP97 Nucleolar Andersen et al., 2005 
Scherl et al., 2002 
Rajendran et al., 2003

DDX55   Nucleolar Andersen et al., 2005

DDX56 DDX21; DDX26; NOH61 Associates with nucleoplasmic 65S pre-
ribosomal particles; nucleolar

Andersen et al., 2005 
Zirwes et al., 2000

DDX59 ZNHIT5  

1.4.1 	 The putative RNA helicase DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 24 (DDX24)

DDX24 is a member of the DEAD-box protein family with a size of 96.3 kDa. It is supposed to act 
as an RNA helicase. Its amino acid sequence shows the characteristic domains of its protein family 
namely the RNA binding domain as well as an ATPase domain (Zhao et al., 2000). A yeast two-
hybrid screen performed in our group identified DDX24 as an interaction partner of GIT1. GIT1 
was found to directly interact with mutant Htt and modulates its aggregation (Goehler et al., 2004), 
which suggests a link between DDX24 and Htt aggregation and toxicity. The yeast homologue 
of DDX24, Mak5, was found to be involved in the biosynthesis of the 60S ribosome subunit 
(Zagulski et al., 2003). However, the cellular function of DDX24 in mammals is still unclear. 
Previous studies were predominantly limited to structural analysis of the protein. Figure 1.6 
schematically shows the human DDX24 protein (total length 859 aa) compared to rat DDX24 
(total length 851 aa) and highlights the conserved domains of the DEAD-box protein family. 
The sequence of the human DDX24 gene shares only little similarity to other members of the 
human DEAD-box protein family, but it has a high similarity to mouse DDX24 at the amino acid 
level (Zhao et al., 2000) as well as to the amino acid sequence of rat specific DDX24. The protein 
is ubiquitously expressed but most abundant in heart and brain tissue (Zhao et al., 2000). The 
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lowest levels were detected in thymus and small intestine. A study published in 2008 demonstrated 
DDX24 functioning in packaging of HIV-1 (Human immunodeficiency virus type 1) (Ma et al., 
2008), but its normal cellular function still remains an open question. 

AETGSGKT
236

N hDDX24 PTRELAVQ GG VVATPGR VVDEAD SAT LVF ARGLD HRSGRTAR C
150 20 16 21 32 81 54 20 179

AETGSGKT
237

N rDDX24 PTRELAVQ GG VVATPGR VVDEAD SAT LVF ARGLD HRSGRTAR C
150 20 16 21 32 81 54 20 179

I Ia Ib II III IV V VI

Figure 1.6: Schematic representation of the conserved motifs found in human DDX24 and rat DDX24 (hDDX24; 
rDDX24). The numbers show the number of amino acids in the N- and C-terminals and the intervals between 
adjacent motifs (modified from Zhao et al. 2000).

1.5	 Genetic screens for modifiers of polyQ-induced toxicity 
and aggregation

Within the last years various genetic screening studies have been performed to identify modifiers 
of  polyQ-induced aggregation and toxicity in several model systems such as yeast, Drosophila or 
C. elegans (Willingham et al., 2003; Giorgini et al., 2005; Bilen and Bonini, 2007; Kaltenbach et al., 
2007; Kazemi-Esfarjani and Benzer, 2000; Nollen et al., 2004; Doumanis et al., 2009). Within these 
studies several different methods were used to identify modulator proteins such as protein over-
expression or RNAi. A recent study by L. Kaltenbach (2007) identified modulators of Htt-induced 
toxitcty using a combination of several approaches (Kaltenbach et al., 2007). First, they screened 
for interaction partners of mutant Htt by yeast two-hybrid screening and second by an affinity pull-
down assay using Htt exon 1 protein constructs with elongated polyQ stretches (48Q, 55Q, 75Q 
and 97Q) (Kaltenbach et al., 2007). The proteins which were identified to interact with mutant Htt 
were then tested on their effect on a Htt-fragment-induced retina degeneration phenotype in Dro-
sophila. The proteins that were found to influence the phenotype were clustered according to their 
physiological function. The authors found proteins which influence Htt toxicity in Drosophila in 
processes such as synaptic transmission, cytoskeletal organisation/biogenesis, signal transduction, 
transcription and protein degradation such as proteolysis and ubiquitin cycle (Kaltenbach et al., 
2007). 

In an earlier study S. Willingham and colleagues performed a genome-wide screen for Htt toxicity 
enhancers in yeast (Willingham et al., 2003). For the screen they used yeast deletion strains which 
were transformed with a cDNA construct encoding a Htt exon 1 fragment with 53 glutamines. 
The screen was quantified by assaying growth of the particular yeast strains. The authors clustered 
the identified toxicity enhancers in three functionally related categories such as a) stress response, 
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including oxidative, osmotic and nitrosative stress, b) protein folding and c) ubiquitin-dependent 
protein catabolism (Willingham et al., 2003). 

In 2004 E. Nollen and colleagues performed a genome wide RNA screen to identify genes that 
- when suppressed - prevent aggregate formation of a YFP-fusion protein containing an elongated 
polyQ region in C. elegans. The effect of the silencing was analyzed using fluorescence microscopy 
and FRAP (fluorescence recovery after photo bleaching) analysis (Nollen et al. 2004). The modifiers 
which were identified to suppress aggregation were categorized by the authors into five major 
classes: modifiers which are involved in a) RNA metabolism, such as RNA synthesis and splicing, 
b) protein synthesis, including transcription initiation, elongation and ribosomal organisation, 
c) protein folding, in which proteins like chaperonins, Hsp70 and DnaJ were found, d) protein 
degradation, represented by members of the ubiquitin-proteasome system and e) trafficking 
processes such as vesicle and nuclear import and cytoskeletal dynamics (Nollen et al. 2004).

Some of the functional processes identified to influence toxicity and aggregation of polyQ 
proteins overlap between the several screens such as protein folding and degradation, including 
members of the chaperone system and the ubiquitin-proteasome pathway (Nollen et al., 2004; 
Willingham et al., 2003; Kaltenbach et al., 2007; Bilen and Bonini 2007; Giorgini et al., 2005; 
Kazemi-Esfarjani and Benzer, 2000; Doumanis et al., 2009). Modifiers are often involved in 
transcriptional processes and protein biosynthesis (Giorgini et al., 2005; Nollen et al., 2004; 
Kaltenbach et al., 2007) as well as in protein transport (Kaltenbach et al., 2007; Kazemi-Esfarjani 
and Benzer, 2000; Nollen et al., 2004; Giorgini et al., 2005). Moreover, proteins which act in RNA 
metabolism processes such as splicing or RNA synthesis have been identified as modifiers of polyQ 
toxicity and aggregation (Doumanis et al., 2009; Nollen et al., 2004; Bilen and Bonini, 2007).

1.6 	 Aim of the study
The aim of my project is to find proteins that influence Htt-induced cytoxicity and to link the 
identified modifiers to the intracellular processes which are affected by mutant Htt expression. 
By analyzing these processes additional insight in the molecular pathways being influenced by 
mutant Htt can be gained. This should reveal a deeper understanding of the mechanisms by which 
mutant Htt-induced toxicity develops.

First, an RNAi screening assay will be developed and optimized in a mammalian cell culture 
system. Second, a set of 200 suggested modifier proteins will be tested on their influence on mutant 
Htt-induced caspase activation.

Following the RNAi screen the main focus of my study will be to investigate both, the mechanistical 
effect of DDX24, identified as a novel modulator of mutant Htt-induced cytotoxicity, as well as the 
relation between DDX24 and its interaction partners to understand the functional role of DDX24 
in cytotoxicity and apoptosis in HD.
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Chapter 2

Results

2.1 	 RNAi screen to identify protein modulators of mutant 
Htt-induced cytotoxicity

2.1.1 	 Screening for modulators of Htt-induced cytotoxicity in a 
neuroblastoma cell line

The expression of mutant Htt with a pathogenic polyQ sequence leads to cellular dysfunction, 
cytotoxicity and neurodegeneration, mainly as a consequence of a toxic gain-of-function of the 
Htt protein (Landles and Bates, 2004). This has been demonstrated in a variety of HD models such 
as yeast, mammalian cells, Caenorhabditis elegans, Drosophila and transgenic mice (Hickey and 
Chesselet, 2003; Zoghbi and Botas, 2002; Driscoll and Gerstbrein, 2003). Previous studies have 
shown that the expression of mutant Htt interferes with a variety of intracellular pathways such 
as transcriptional activation and co-activation (Boutell  et al., 1999; Steffan et al., 2000; Dunah 
et al., 2002), mitochondrial energy metabolism (Browne et al., 1997;  Panov et al., 2002), axonal 
transport (Gunawardena et al., 2003), receptor-mediated signaling pathways such as JUN, ERK, 
MAPK or AKT (Perrin et al., 2009; Apostol et al., 2006;  Colin et al., 2005; Ribeiro et al., 2010; 
Liévens et al., 2008), vesicle trafficking (Velier et al., 1998; Qin et al., 2004) and neurotransmit-
ter secretion (Kaltenbach et al., 2007). In addition, it was demonstrated that proteins involved in 
protein degradation (Venkatraman et al., 2004; Holmberg et al., 2004), folding, metabolism (Will-
ingham et al., 2003; Giorgini et al., 2003; Nollen et al., 2004) and apoptosis (Aiken et al., 2004; 
Kaltenbach et al., 2007) modulate the toxicity of mutant Htt. 

To find proteins that modulate mutant Htt-induced cytotoxicity 200 proteins (“p200”) were selected 
based on literature information about biological processes that influence HD pathogenesis (for a 
recent review see van Ham et al., 2009). A gene onthology (GO) analysis of the target protein 
selection is presented in Figure 2.1. The potential modifiers are involved in cellular processes such 
as apoptosis and cell death, cell cycle/cell division, cell development, extracellular communication, 
intracellular signaling, stress response, protein degradation, transport, to mention some examples 
(Figure 2.1). The complete list of target proteins can be found in the Appendix.
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Figure 2.1: Functional analysis of the target proteins selected for the “p200”- RNAi screening

To identify modifiers of mutant Htt-induced cytotoxicity, I established an RNAi screening assay in 
a neuroblastoma cell line (Neuro2a). First, I tested the induction of cytotoxicity by expression of 
a truncated Htt protein with a pathogenic polyQ stretch. To do so, Neuro2a cells were transfected 
with the expression plasmid pcDNAI-HD320_Q68 coding for the protein HD320_Q68, a toxic 
320 aa Htt protein containing a polyQ stretch of 68 glutamines. After incubation for 48 hours 
cellular toxicity was detected using a caspase-3/7 activity assay (Chapter 4.2.3). Neuro2a cells ex-
pressing the mutant Htt protein HD320_Q68 showed a significantly higher caspase-3/7 activity 
than cells which were not transfected with pcDNAI-HD320_Q68 plasmid (Figure 2.2).
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Figure 2.2: Expression of the HD320_Q68 protein induces caspase-3/7 activity in Neuro2a cells. Cells were trans-
fected with pcDNAI-HD320_Q68 and incubated for 48 hours. Non-transfected Neuro2a cells were analyzed as 
controls.  Caspase-3/7 activity was detected by the standard caspase assay and the activity values were normalized to 
the values measured in the non-transfected controls. Neuro2a cells overexpressing HD320_68Q protein show induced 
casapase-3/7 activation compared to the non-transfected controls (p<0.001, n=8).

The expression of the HD320_Q68 protein was confirmed by SDS-PAGE and immunoblotting 
(Figure 2.3). Neuro2a cells were transfected with the expression plasmid pcDNAI-HD320_Q68 and 
after 48 hours total cell lysates were analyzed. The overexpressed HD320_Q68 protein migrating at 
~ 65 kDa was detected by Western blotting using an anti-Htt CAG53b antibody.

64
49

37GAPDH

◄

+ - kDa

pcDNAI-HD320_Q68

HD320_Q68

◄

Figure 2.3: Expression of the protein HD320_Q68 in Neuro2a cells . The HD320_Q68 protein expression was 
analyzed 48 hours after transfection of Neuro2a cells with pcDNAI-HD320_Q68 by separating 30 µg total protein 
on SDS-PAGE and detection of HD320_Q68 by Western blotting. The mutant Htt protein was detected with the 
CAG53b antibody.

In the next step, I performed siRNA-mediated knock-down experiments for selected target proteins 
as a proof of concept. Therefore, Neuro2a cells were transfected with 0.2 µg pcDNAI-HD320_Q68 
and 2.5 pmol of specific siRNA pools targeting p53 (siTP53) selected as an activator of caspase-3/7 
and profilin1 (siPFN1) serving as a repressor of caspase-3/7 activity. Controls were transfected 
with the non-targeting siRNA siGLOred. The cells were incubated for 48 hours, followed by de-
tection of the caspase-3/7 activity using the standard caspase assay. The relative caspase activity 
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was quantified by normalizing the activity values of the HD320_Q68 expressing cells transfected 
with the specific siRNA pools to the control cells expressing HD320_Q68 and transfected with 
siGLOred control RNA. Figure 2.4 A demonstrates that in Neuro2a cells transfected with p53 
specific siRNA pools the caspase-3/7 activity is increased, whereas in cells treated with siRNA 
pools targeting profilin1 a reduction of HD320_Q68 induced caspase-3/7 activity was observed. 
The silencing of the target proteins in Neuro2a cells was confirmed by analysis of the protein levels 
in total cell extracts of cells transfected with siRNA pools specifically targeting p53 and profilin1 
mRNAs. Total extracts of Neuro2a cells were prepared 48 hours after transfection,  and 30 µg pro-
tein were separated by 12.5% SDS-PAGE and blotted on nitrocellulose. Intracellular levels of target 
proteins were detected using anti-p53 and anti-profilin1 antibodies (Figure 2.4 B).
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Figure 2.4: Proof of concept experiments for the RNAi screening assay . Neuro2a cells were transfected with 
pcDNAI-HD320_Q68 and specific siRNA pools targeting p53 or profilin1 mRNA and incubated for 48 hours. (A) 
Caspase-3/7 activity levels were monitored using the standard caspase-3/7 assay. The relative activity values were 
normalized to cells transfected with pcDNAI-HD320_Q68 and control siRNA siGLOred. Protein knock-down of the 
positive control p53 resulted in an increased caspase-3/7 activity, while the silencing of profilin1 resulted in a reduced 
caspase-3/7 activity. (B) Analysis of the siRNA-mediated knock-down of p53 and profilin1 in 30 µg total protein from 
Neuro2a cell extracts containing HD320_Q68 after incubation for 48 hours. Total lysates were analyzed by SDS-
PAGE and Western blotting. Endogenous proteins were detected using anti-p53 and anti-profilin1 antibodies. 

Next, I performed the RNAi screening in order to identify target proteins which modulate mutant 
Htt-induced toxicity by either acting as toxicity suppressors or as toxicity enhancers. The definition 
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of the target proteins depends on their effect on HD320_Q68 induced caspase-3/7 activity. siRNA 
down-regulated proteins, which increased HD320_Q68 induced caspase-3/7 activity by a factor of 
more than 1.3 were defined as toxicity suppressors, while down-regulated proteins which had the 
opposite effect and reduced caspase-3/7 activity by more than a factor of 0.8 were defined as toxicity 
enhancers. Figure 2.5 schematically shows how potential toxicity suppressors and enhancers are 
defined by RNAi screening.

HD320_Q68

siRNA

Toxicity enhancer

HD320_Q68

Toxicity

Toxicity

B

HD320_Q68

siRNA

Toxicity suppressor

HD320_Q68

Toxicity

Toxicity

A

Figure 2.5: Definition of toxicity suppressors and toxicity enhancers. (A) A target protein is defined as a toxicity 
suppressor when its knock-down increases mutant Htt-induced toxicity. (B) A target protein is regarded as a toxicity 
enhancer when its knock-down reduces mutant Htt-induced toxicity.

For the screening, Neuro2a cells seeded in 96 well microtiter plates were co-transfected with 0.2 µg 
of pcDNAI-HD320_Q68 and 2.5 pmol of target specific siRNA pools according to the protocol 
described in Chapter 4.2.3. The samples were incubated for 48 hours allowing silencing of the target 
protein and expression of HD320_Q68 protein which induces cytotoxicity. The effect of the siRNA 
treatment on HD320_Q68 induced toxicity then was detected using the standard caspase-3/7 
activity assay. Screening data were evaluated using two types of controls, 1) cells transfected with 
siRNA pools without Htt expression (control 1) and 2) cells expressing HD320_Q68 but were not 
transfected with siRNA pools (control 2, Diagram 2.1). In all samples caspase-3/7 activity was 
monitored in an 1 hour kinetic measurement recording caspase-3/7 activity signals every 5 min. 
For quantification of the relative caspase-3/7 activity the slopes of the kinetic curves were deter-
mined between 20 - 60 min of the kinetic and the slope value was regarded as a measure for the 
relative caspase-3/7 activity in the cells. The analytical process by which target proteins were ana-
lyzed and classified into toxicity suppressors and toxicity enhancers is explained in Diagram 2.1.
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Recording kinetic curves of 
caspase-3/7 activity

(sample, control 1, control 2)

Calculation of curve slopes 
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Slope 
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Diagram 2.1: Analysis of the screening results - classification procedure for the identification of toxicity suppres-
sors and toxicity enhancers. (A) Detection of the absolute caspase-3/7 activity signals in a kinetic measurement. The 
fluorescence representing caspase activity was recorded every 5 min over a time of 1 hour in samples treated with 
pcDNAI-HD320_Q68 and siRNA pools (referred to as “sample”) as well as in the control only transfected with siRNA 
pools (referred to as “control 1”) and the control only treated with pcDNAI-HD320_Q68 (referred to as “control 2”). 
(B) Calculation of the activity curve slopes between time points 20 min and 60 min. The slopes of the kinetic curves are 
regarded as a measurement of the relative caspase-3/7 activity within the particular sample or control. (C) Normali-
zation of the sample slopes to the slopes of control 1. This step compares the effect of the target protein knock-down on 
caspase-3/7 activity in the presence of mutant Htt with the effect of the siRNA-mediated protein silencing alone. This 
first normalization step reveals the slope ratio of the particular sample and its corresponding control 1. (D)  Based 
on the values of the “slope ratio sample/control 1” target proteins are divided into two groups. Samples that show 
higher caspase-3/7 activity than the corresponding control 1 reveal a slope ratio > 1.0 and are regarded as potential 
toxicity suppressors. Samples that have a lower slope than their control 1 reveal a slope ratio of < 1.0 and are classified 
as potential toxicity enhancer. In the next step, a second normalization is made. (E) & (G) This normalization step 
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compares the relative caspase-3/7 activity of the sample (“sample slope”) with the relative activity obtained in control 
2 (“slope of control 2”) to determine whether the target protein enhances or reduces the mutant Htt-induced toxicity. 
(F) Specification of “toxicity enhancers”: the slope of samples that revealed a slope ratio (sample/control 1) < 1 is 
normalized to the slope of control 2 revealing a value termed “slope ratio enhancer”. If this value (sample/control 2) 
is < 0.8 the target protein silenced in the sample is defined as a “toxicity enhancer”. If the value is > 0.8 the sample is 
excluded from the group of potential toxicity enhancers. (H) Specification of toxicity suppressors: the sample slope of 
samples which revealed a slope ratio (sample/control 1) > 1 in step (D) is normalized to the slope of the control 2. If 
the obtained value (“slope ratio suppressor”) is > 1.3 the target protein silenced in the sample is defined as a “toxicity 
suppressor”. Target proteins whose slope ratio suppressor value is < 1.3 are not followed up.

The modulator screen was repeated twice revealing 66 toxicity suppressors and 9 toxicity enhancers 
in the first and 18 toxicity suppressors and 24 toxicity enhancers in the second round. Two addi-
tional subset screens were performed, the first one silencing a set of 45 target proteins revealing 10 
toxicity enhancers and 2 suppressors. The second subset screen consisting of 23 targets resulted in 
2 toxicity enhancers and 3 toxicity suppressors. A general overview of the screenings showing the 
hit target proteins identified in the particular screens can be found in the Appendix. 18 target pro-
teins were found as hits in at least two of the screens. For these targets I calculated the average fold-
change of HD320_Q68 induced toxicity and classified them according to the standard definitions. 
Target proteins whose knock-down revealed a change in mutant Htt-induced caspase-3/7 activity 
> 1.3 were defined as toxicity suppressors, while knock-down of target proteins reducing  toxicity to 
< 0.8 were referred to as toxicity enhancers as described in Diagram 2.1. After this calculation step 
13 proteins remained as final set of toxicity modifiers, which were identified in at least two separate 
screens. Seven of the modifiers were defined as toxicity suppressors, whereas six modifiers were 
classified as toxicity enhancers. These modifiers can be clustered into several functional groups 
such as cell cycle and cell division, cytoskeletal organization and biogenesis, signal transduction, 
synaptic transmission,  RNA-metabolism and regulation of transcription (Tables 2.1 and 2.2). 
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Table 2.1: Target proteins identified as toxicity suppressors

Toxicity suppressors

Symbol 
Gene-ID

Protein  
name

Biological  
process Functional information Avg 

(Stdev)

Number 
of Posi-

tives

MAD2L1 
4085

Mitotic spindle as-
sembly checkpoint 
protein MAD2A

Cell cycle, 
cell division, 
mitosis

Component of the spindle-assembly 
checkpoint; required for the execution 
of the mitotic checkpoint;  
inhibits the activity of the anaphase 
promoting complex 

1.59 
(0.22)

3

IMMT 
10989

Mitochondrial 
inner membrane 
protein

Mitochondria 
maintenance

Component of the mitochondrial inner 
membrane; suggested to play a role in 
protein import related to maintenance 
of mitochondrial structure, regulation 
of mitochondrial morphology 

1.71 
(0.27) 

3

TARBP1 
6894

TAR (HIV-1) RNA 
binding protein 1

RNA processing, 
transcription 
regulation

Probable S-adenosyl-L-methionine-de-
pendent methyltransferase; methylates 
RNA molecules such as tRNAs

2,58 
(0,47)

3

SQSTM1 
8878

Sequestosome-1 Apoptosis, 
differentiation, 
immune response

Binds ubiquitin as an adapter protein 
binding, regulates activation of NFKB1 
by TNF-alpha, nerve growth factor 
(NGF) and interleukin-1; involved 
in titin/TTN downstream signaling 
in muscle cells; regulates signaling 
cascades through ubiquitination; in-
volved in cell differentiation, apoptosis 
(anti-apoptotic), immune response and 
regulation of K+ channels

1.43 
(0.09)

2

TARBP2 
6895

RISC-loading 
complex subunit 
TARBP2 
(TAR (HIV-1) RNA 
binding protein 2)

RNA-mediated 
gene silencing, 
translation regula-
tion

Required for formation of the RNA 
induced silencing complex (RISC)

1.83 
(0.29)

2

ARPC1B 
10095

Actin-related pro-
tein 2/3 complex 
subunit 1B

Cellular compo-
nent movement, 
regulation of 
actin filament 
polymerization

Regulates actin polymerization;  
mediates the formation of branched 
actin networks

2.18 
(0.06)

2

NR4A1 
3164

Nuclear receptor 
subfamily 4 group 
A member 1

Transcription 
regulation, 
signal 
transduction

Member steroid-thyroid hormone-reti-
noid receptor superfamily; 
orpahan receptor

3,29 
(0.42)

2
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Table 2.2: Target proteins identified as toxicity enhancers

Toxicity enhancers

Symbol 
Gene-ID

Protein 
name

Biological 
process Functional information Avg 

(Stdev)

Number 
of Posi-

tives

PFN2 
5217

Profilin-2 Regulation of 
actin polym-
erization/depo-
lymerization, 
actin cytoskeleton 
organization

Binds to actin and affects the struc-
ture of the cytoskeleton; prevents 
the polymerization of actin at high 
concentrations and enhances it at low 
concentrations

0.36 
(0.12)

3

RNF146 
81847

RING finger pro-
tein 146

Unknown Suggested to function early in the 
progression of Alzheimer’s disease (v. 
Rotz et al., 2005)

0.58 
(0.07)

3

CEP1 
11064

Centriolin 
(Centrosomal 
protein 110 kDa)

Cell cycle, 
cell division

Acts in cell cycle progression and cy-
tokinesis; anchors exocyst and SNARE 
complexes at the midbody, allowing 
secretory vesicle-mediated abscission

0.60 
(0.05)

3

DDX24 
57062

DEAD-box protein 
24

Unknown, 
putative RNA 
helicase

- not available - 0.72 
(0.07)

3

MAP3K11
4296

Mitogen-activated 
protein kinase 
kinase kinase 11

G1 phase of mi-
totic cell cycle,
activation of JUN 
kinase activity, 
cell proliferation,
cell death, protein 
amino acid auto-
phosphorylation, 
protein oligomeri-
zation

Activates the JUN N-terminal pathway; 
required for serum-stimulated cell 
proliferation and for mitogen and 
cytokine activation of MAPK14 (p38), 
MAPK3 (ERK) and MAPK8 (JNK1) 
(MAP kinase pathway); 
influences microtubule organization 
during the cell cycle

0.61
(0.05)

2

SH3GL1 
6455

Endophilin-A2 Central nervous 
system develop-
ment, endocytosis 
Signal transduc-
tion

Implicated in endocytosis 0.70 
(0.03)

2

Interestingly, I found modifiers involved in all functional groups acting as toxicity suppressors as 
well as toxicity enhancers. The mitochondrial inner membrane protein (IMMT) which I identi-
fied as a toxicity suppressor was previously found in pull-down screens as an interactor of Htt 
(Kaltenbach et al., 2007). Two modifiers, the mitotic spindle assembly checkpoint protein MAD2A 
(MAD2L1) and centriolin (CEP1) are involved in cell cycle and cell division (Li and Benezra, 1996; 
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Gromley et al., 2003). The MAD2L1 gene product was identified as a toxicity suppressor, while 
centriolin was defined as an enhancer of toxicity. Besides its function in the cell cycle the centrio-
lin protein was demonstrated to be involved in vesicle secretion modulating SNARE-mediated 
vesicle fusion (Gromley et al., 2005). A study published by L. Kaltenbach and colleagues demon-
strated SNARE components to influence mutant Htt toxicity (Kaltenbach et al., 2007). The protein 
ARPC1B (actin-related protein 2/3 complex subunit 1B), which was defined as a toxicity suppres-
sor and PFN2 (profilin-2), a toxicity enhancer, both play a role in cytoskeletal organization by 
regulating actin polymerization (Welch et al., 1997; Gieselmann et al., 1995). Profilin-2 was recently 
demonstrated to directly interact with Htt and to inhibit aggregate formation, suggesting a role in 
HD pathogenesis (Shao et al., 2008). Other modifier proteins found in the screen are involved in 
signal transduction such as SQSTM1 (sequestosome-1), NR4A1 (nuclear receptor subfamily 4 
group A member 1), MAP3K11 (mitogen-activated protein kinase kinase kinase 11) and SH3GL1 
(endophilin-A2). Sequestosome-1 is a ubiquitin binding protein involved in NF-kappaB signaling 
(Table 2.1) and was found to accumulate in neurofibrillary tangles and Lewy bodies in neurons of 
patients with Alzheimer’s and Parkinson’s disease, respectively (Zatloukal et al., 2002). NR4A1 is a 
member of the steroid receptor family and recent studies have demonstrated functional impaired 
of steroid receptors in HD (Hoon, 2006; Schiffer et al., 2008; Chandra et al., 2008). Endophilin-A2 
and MAP3K11 were both identified as toxicity enhancers. A study by M. Ralser and colleagues 
has demonstrated that members of the endophilin family directly interact with Htt modulating 
its cellular toxicity in yeast (Ralser et al., 2005). MAP3K11 can be linked to HD pathogenesis via 
its function in the JUN N-terminal pathway that is implicated in Htt toxicity (Liu et al., 2000; 
Merienne et al., 2003; Perrin et al., 2009; Table 2.2). 

One interesting subset of modifiers DDX24, TARBP1 and TARB2 are proteins involved in RNA-
metabolism. The two TARBP proteins regulate transcriptional processes on RNA level by regula-
tion of RNA polymerase II function and siRNA-mediated gene silencing (Wu-Baer et al., 1995; 
Gatignol et al., 1991; Haase et al., 2005). TARBP2 regulates PKR (translation initiation factor 
2-alpha kinase 2) activation which is increased in HD and other neurodegenerative disorders 
contributing to transcriptional dysregulation and extrastriatal degeneration (Peel et al., 2001; Peel, 
2004; Bando et al., 2005). Two proteins of the identified modulators, DDX24 and RING finger pro-
tein 146 (RNF146), have unknown functions. RNF146 has been found to be upregulated in brains 
of AD patients (von Rotz et al., 2005). However, only little is known about DDX24, a member of the 
DEAD-box protein family and a putative RNA helicase (Zhao et al., 2000). The cellular function 
of DDX24 is still undetermined and previous studies were predominantly limited to structural 
analysis of the protein (see Chapter 1.4.1). The limited knowledge about DDX24 prompted me to 
examine its role in Htt-induced apoptosis signaling in more detail.
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2.2 	 Investigation of siRNA-mediated DDX24 protein knock-
down in a HD PC12 cell model

2.2.1 	 Analysis of HD PC12 cell lines expressing Htt25Q-EGFP or 
Htt103Q-EGFP fusion proteins

To confirm and expand the results obtained in the Neuro2a cells siRNA knock-down experiments 
for DDX24 were performed in inducible PC12 cell lines expressing EGFP-tagged Htt exon 1 fusion 
proteins with either 25 or 103 glutamines (Apostol et al. 2003; Figure 2.6) after induction with 
muristerone. Previous studies have demonstrated that Htt103Q-EGFP forms insoluble aggregates 
and induces caspase-3/7 activity in PC12 cells, while the protein Htt25Q-EGFP is soluble and does 
not induce cellular toxicity (Apostol et al., 2003; 2006).
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Figure 2.6: Schematic overview of the recombinant proteins Htt25Q-EGFP and Htt103Q-EGFP. The proteins con-
sist of a truncated exon 1 containing the first 17 aa of the Htt protein and either 25 or 103 glutamines. Both Htt 
proteins are fused to a C-terminal EGFP epitope tag.

First, I investigated whether the expression of the recombinant proteins Htt25Q-EGFP and 
Htt103Q-EGFP was induced by addition of 2.5 µM muristerone to the medium. Cell lysates were 
prepared 48 hours after induction and 30 µg protein were analyzed by SDS-PAGE followed by 
Western blotting. The expression of the fusion proteins was detected on the blot by incubation with 
the CAG53b antibody. I found that the proteins Htt25Q-EGFP and Htt103Q-EGFP migrating at 
~35 and 65 kDa, respectively, are produced in PC12 cells under the conditions used (Figure 2.7).

Figure 2.7: Expression of the Htt25Q-EGFP and Htt103Q-EGFP proteins after induction with 2.5 µM muristerone 
for 48 hours . Cell extracts were prepared and 30 µg of total protein were separated by 12.5% SDS-PAGE and ana-
lyzed by Western blotting.  The Htt protein variants were detected using the CAG53b antibody.
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Next, I analyzed whether the Htt103Q-EGFP protein expressed in PC12 cells forms insoluble 
aggregates, while Htt25Q-EGFP remains soluble as described before in the literature (Apostol 
et al., 2003) by performing a filter retardation assay (Scherzinger et al., 1997). PC12 cells were 
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induced for the expression of the recombinant proteins Htt25Q-EGFP and Htt103Q-EGFP and 
incubated for 72 hours. Cell samples were harvested at time points of 24, 48 and 72 hours. Cells 
were lysed in standard lysis buffer and increasing amounts of total cell extracts were filtered 
through a cellulose acetate membrane. To detect Htt103Q-EGFP aggregates on the membrane 
surface, the filter was exposed to UV light (460 nm), which is able to excite the fluorescent EGFP-
tag of the Htt fusion proteins (Figure 2.8 A). The fluorescence signal was detected in a photo 
imager and subsequently analyzed with the AIDA quantification software (Figure 2.8 B). In PC12 
cells expressing Htt103Q-EGFP aggregate formation was detected after 24 hours. However, such 
structures were not detected in cells expressing the Htt25Q-EGFP protein. Besides the detection 
by their fluorescent EGFP-tag Htt103Q-EGFP aggregates can also be detected on the filter by incu-
bation of the membrane with the CAG53b antibody as shown in Figure 2.8 C for PC12 cells, which 
were incubated with muristerone for 48 hours expressing Htt25Q-EGFP or Htt103Q-EGFP. 
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Figure 2.8: Detection of the proteins Htt103Q-EGFP and Htt25Q-EGFP in PC12 cells. (A) Analysis of aggregates 
in total cell lysates (1% NP-40 in standard lysis buffer) from PC12 cells expressing Htt103Q-EGFP or Htt25Q-EGFP 
by native filter retardation assay after induction with 2.5 µM muristerone for 24, 48 and 72 hours. Aggregates formed 
by Htt103Q-EGFP were detected by exposure of the membrane to 460 nm UV light. Cell extracts from PC12 cells 
expressing Htt25Q-EGFP revealed no aggregates on the filter membrane. (B) Quantification of the native filter 
retardation assay shown in (A). (C) Detection of Htt aggregates in cell lysates of Htt25Q-EGFP and Htt103Q-EGFP 
expressing PC12 cells by immunostaining. Cells were induced with muristerone for 48 hours, lysed and 7.5 µg of total 
protein was filtered through a cellulose acetate membrane. The recombinant Htt fusion proteins were detected by 
incubation of the membrane with the CAG53b antibody. 
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Furthermore, the recombinant Htt fusion proteins are visible under the fluorescence microscope 
(Figure 2.9). To detect overexpressed Htt25Q-EGFP and Htt103Q-EGFP proteins PC12 cells were 
induced with 2.5 µM muristerone. After 72 hours cells were fixed with 4% paraformaldehyde and 
cell nuclei were stained with DAPI. I found that PC12 cells expressing Htt25Q-EGFP showed a 
diffuse green fluorescence in the cytoplasm, while in cells expressing Htt103Q-EGFP bright green 
inclusions with aggregates were visible (left panels). As a control both cell lines were analyzed 
without addition of muristerone. In these cells no green fluorescence was observed (right panels). 
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Figure 2.9: Fluorescence microscopy analysis of Htt25Q-EGFP and Htt103Q-EGFP expression in PC12 cells. 
PC12 cells were induced for expression of the Htt fusion proteins for 72 hours (induction by 2.5 µM muristerone) and 
fixed with paraformaldehyde. Cell nuclei were stained with DAPI; the proteins Htt25Q-EGFP and Htt103Q-EGFP 
are visualized by their fluorescent EGFP-tag (Ex470 nm/Em525nm) Exposure times: Htt25Q-EGFP induced 25 ms, 
Htt25Q-EGFP non-induced 968 ms, Htt103Q-EGFP induced 14 ms, Htt103Q-EGFP non-induced 2324 ms.

To investigate the effect of the overexpression of Htt25Q-EGFP and Htt103Q-EGFP on activation 
of caspase-3/7, PC12 cells were induced with 2.5 µM muristerone to allow expression of the Htt 
fusion proteins. After 48 hours of induction the activity of intracellular caspase-3/7 was deter-
mined using a standard assay (Figure 2.10 A). PC12 cells expressing the Htt103Q-EGFP protein 
showed a significant increase in caspase-3/7 activity compared to the non-induced control cells 
which do not express Htt103Q-EGFP.  In PC12 cells which express Htt25Q-EGFP the caspase-3/7 
activity levels do not differ from the non-induced control cells. 

In the same experiment I further tested whether Htt103Q-EGFP and Htt25Q-EGFP protein 
expression in PC12 cells induces activation of caspase-8. To detect caspase-8 activity the standard 
caspase-8 assay was performed (Chapter 4.2.3). PC12 cells expressing Htt103Q-EGFP showed 
increased activity of caspase-8 compared to the non-induced controls, while in cells expressing 
Htt25Q-EGFP the activity is comparable to the non-induced cells and very low (Figure 2.10 B).
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Figure 2.10: Quantification of caspase-3/7 and -8 activities in PC12 cells expressing the proteins Htt103Q-EGFP or 
Htt25Q-EGFP . PC12 cells were induced with 2.5 µM muristerone for 48 hours followed by determination of the 
relative caspase activity using the standard caspase-3/7 and caspase-8 assays. (A) PC12 cells expressing Htt103Q-
EGFP show increased activity of caspase-3/7 compared to non-induced cells (p<0.001, n=3). Expression of the 
Htt25Q-EGFP protein did not show an effect on caspase-3/7 activation. (B) Activity of caspase-8 is increased in 
PC12 cells expressing Htt103Q-EGFP compared to the non-induced controls (p<0.001, n=3). In PC12 cells express-
ing Htt25Q-EGFP the caspase-8 activity levels are comparable with the corresponding negative controls which do not 
express Htt25Q-EGFP and are much lower than the activity detected in Htt103Q-EGFP expressing cells. 
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Taken together, I could show that the recombinant proteins Htt25Q-EGFP and Htt103Q-EGFP are 
produced in PC12 cells after induction with 2.5 µM muristerone (Figure 2.7). Further, I confirmed 
the formation of Htt aggregates in cells expressing Htt103Q-EGFP protein (Apostol et al., 2003) 
and demonstrated that Htt25Q-EGFP is present as a soluble protein in PC12 cells (Figure 2.8 and 
2.9). Additionally, the previously described activation of caspase-3/7 in cells expressing Htt103Q-
EGFP was confirmed (Apostol et al., 2006) and the expression of the protein Htt25Q-EGFP was 
shown to not induce caspase-3/7 activity (Figure 2.10 A). I also could demonstrate the activation 
of caspase-8 by Htt103Q-EGFP expression in PC12 cells which has not been shown before in this 
HD model (Figure 2.10 B).

2.2.2 	 Analysis of siRNA-mediated DDX24 protein knock-down in the 
HD PC12 cell model

The screening on modulators of Htt-induced cytotoxicity was performed in Neuro2a cells using 
pools of four siRNAs targeting the mRNA of interest. In order to analyze the effects of RNAi-
mediated DDX24 protein knock-down on Htt103Q-EGFP induced caspase activation I first 
established the optimal DDX24 protein knock-down conditions in the PC12 cell system and then 
verified the specificity of the siRNA-mediated DDX24 silencing. To find the optimal amount of 
siRNA for the knock-down in large scale cell assays I performed an siRNA titration experiment. 
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Increasing amounts of an siRNA pool containing four types of siRNAs all targeting DDX24 
mRNA were tested for their knock-down efficiency in PC12 Htt103Q-EGFP cells which did not 
express the Htt fusion protein. The cells were treated with 0 to 200 pmol of the siRNA pool in 6 cm 
cell culture dishes and incubated for 48 hours. The total RNA was isolated from the cell extracts, 
transcribed into cDNA as described in Chapter 4.2.1 and analyzed by quantitative real-time PCR. 
In two separate reactions the DDX24 mRNA levels were quantified in relation to the transcription 
levels of either ACTB or GAPD serving as endogenous controls. For a detailed description of the 
quantification procedure see Chapter 4.2.1. DDX24 mRNA levels were significantly (p<0.0001) 
decreased in PC12 cells transfected with 50 pmol of the DDX24 siRNA pool compared to the non-
transfected control cells (Figure 2.11). Similar effects were obtained with higher siRNA amounts 
(100 pmol and 200 pmol). The normalization of DDX24 mRNA levels to the mRNA levels of 
ACTB or GAPD both revealed similar results (Figure 2.11 A and B). 
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Figure 2.11: Treatment of PC12 cells with DDX24 siRNA pools reduces endogenous DDX24 mRNA levels. PC12 
Htt103Q-EGFP cells were transfected with increasing amounts of siDDX24 pools and incubated for 48 h. The mRNA 
levels of DDX24 were analyzed by quantitative real-time PCR (qRT-PCR) normalized to (A) ACTB mRNA levels or 
(B) GAPD mRNA levels. All tested amounts of siRNA pools revealed a significant reduction of DDX24 mRNA levels. 
The most efficient reduction of mRNA levels was obtained with 50 - 100 pmol siRNA. 

In the next step, I investigated the efficiency of the DDX24 protein knock-down in PC12 cells by 
the different siRNAs contained in the pool targeting DDX24 mRNA (siDDX24_1, siDDX24_2, 
siDDX24_3 and siDDX24_4). The target sequences of the particular siRNAs on the DDX24 mRNA 
can be found in Chapter 4.1.6. Hence, it was tested in the following experiment whether all siR-
NAs represented in the pool account for the DDX24 protein knock-down and how efficient the 
particular siRNAs reduce DDX24 protein expression. The experiments were performed in the PC12 
cell lines expressing the proteins Htt103Q-EGFP or Htt25Q-EGFP, respectively. 100 pmol of each 
type of siRNA were used for transfection and the cells were then induced for 48 hours with 2.5 µM 
muristerone. As a negative control cells transfected with 100 pmol non-targeting siGLOred siRNA 
were analyzed. In case of Htt103Q-EGFP expressing PC12 cells also 100 pmol of the siRNA pool 
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containing all four types of siRNAs were transfected. After cell lysis the amount of DDX24 protein 
in cell extracts was analyzed by SDS-PAGE and Western blotting using an anti-DDX24 antiserum. 
Furthermore, the expression of the proteins Htt103Q-EGFP and Htt25Q-EGFP was confirmed 
with the anti-Htt CAG53b antibody; actin served as loading control (Figure 2.12 A and B). The 
DDX24 protein expression levels were subsequently analyzed using the AIDA quantification soft-
ware (Figure 2.12 C and D). In both PC12 cell lines all four siRNAs reduced DDX24 protein 
levels. Transfection of cells with siDDX24_1 or siDDX24_4 revealed the most efficient reduction 
of DDX24 protein levels. The reduction of the DDX24 protein was less efficient in cells treated with 
siDDX24_2 and siDDX24_3.
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Figure 2.12: DDX24 knock-down efficiency of different DDX24 specific siRNAs. PC12 cells expressing 
Htt103Q-EGFP or Htt25Q-EGFP were individually transfected with 100 pmol of one type of DDX24 targeting 
siRNAs and incubated for 48 hours. (A) The reduction of endogenous DDX24 protein then was analyzed by SDS-
PAGE and Western blotting. DDX24 was detected with an anti-DDX24 antiserum, the expression of (A) Htt103Q-
EGFP and (B) Htt25Q-EGFP was visualized with the CAG53b antibody; detection of the actin protein with an 
anti-actin antibody served as loading control. (C) & (D) Quantification of the DDX24 protein levels by AIDA soft-
ware. All tested siRNAs reduce DDX24 protein levels. The strongest reduction was detected in cells transfected with 
siDDX24_1 or siDDX24_4.
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Next, the knock-down efficiency of the different siRNAs was quantified using real-time PCR. 
PC12 cells derived from the knock-down experiment described above were lysed, the total RNA 
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was isolated as described in Chapter 4.2.1 and the amount of DDX24 mRNA was determined. 
The obtained DDX24 levels were related to the ACTB mRNA levels serving as an endogenous 
control. The relative DDX24 mRNA levels then were normalized to DDX24 mRNA levels obtained 
in cells transfected with siGLOred (Figure 2.13).  DDX24 mRNA levels were reduced by all four 
DDX24-specific siRNAs. Cells transfected with the siRNAs siDDX24_1 or siDDX24_4 showed 
the most efficient reduction of DDX24 mRNA. The transfection with siDDX24_2 or siDDX24_3 
resulted in a moderate reduction of DDX24 mRNA levels (Figure 2.13).
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Figure 2.13: Quantification of the DDX24 knock-down by real-time PCR analysis. PC12 cells expressing 
(A) Htt103Q-EGFP or (B) Htt25Q-EGFP were treated with 100 pmol of DDX24-specific siRNAs. After incubation 
for 48 hours total RNA was isolated and the amount of endogenous DDX24 mRNA was analyzed by quantitative 
real-time PCR using ACTB for normalization. All siRNAs tested were able to reduce DDX24 mRNA levels. However, 
the most efficient reduction was obtained in cells transfected with siDDX24_1 or siDDX24_4. 

2.2.3 	 Endogenous DDX24 protein silencing enhances mutant Htt-
induced caspase-3/7 activity

To investigate whether DDX24 knock-down in PC12 cells reduces mutant Htt-induced toxicity 
similar to Neuro2a cells (Chapter 2.1.1), I performed additional RNAi experiments. PC12 cells 
overexpressing Htt103Q-EGFP protein (induction by 2.5 µM muristerone) were transfected with a 
mix of siDDX24_1 and siDDX24_4 or with non-targeting siRNA siGLOred. As a second negative 
control cells were treated with carrier DNA only. Following 48 hours of incubation caspase-3/7 
activity was monitored using the standard assay (Chapter 4.2.3). In addition, for each sample 
the number of cells was quantified. Non-induced cells, which only express very low amounts of 
Htt103Q-EGFP protein, were also assayed for their caspase-3/7 activity. Caspase activity signals 
were normalized to the signals detected in Htt103Q-EGFP expressing cells treated with siGLOred 
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siRNA. Interestingly, I found that endogenous DDX24 silencing dramatically increased (~3-fold) 
the caspase-3/7 activity in Htt103Q-EGFP expressing cells, but not in non-induced cells express-
ing low levels of the Htt protein (Figure 2.14). 

This finding is conflicting with the result obtained with the Neuro2a cells where DDX24 appeared 
to be a toxicity enhancer (Chapter 2.1.1). Likely, the discrepancy can be attributed to normaliza-
tion of the caspase activity to total cell numbers. In the screen the caspase activity was not normal-
ized to cell numbers, harboring the danger that modulators whose protein knock-down itself is 
very toxic are wrongly identified as toxicity enhancers. This occurs if the knock-down of a toxicity 
suppressor is extremely toxic to the cells resulting in high rates of apoptosis and a reduction in 
the number of cells in the particular well. The loss of cells results in a low overall activity signal, 
although each cell may have drastically enhanced caspase activity. To circumvent this problem all 
larger scale knock-down experiments performed in PC12 cells were carefully controlled for cell 
density. These experiments revealed the induction of caspase activity by DDX24 knock-down. 
This indicates that DDX24 indeed is a potential modulator of mutant Htt-induced cytotoxicity. 
However, it functions as a toxicity suppressor rather than as a toxicity enhancer as assumed from 
the Neuro2a screen. 
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Figure 2.14: Silencing of endogenous DDX24 protein enhances mutant Htt-induced caspase-3/7 activation. PC12 
cells were transfected with siDDX24_1 and siDDX24_4 or with siGLOred control siRNA; as a second negative con-
trol cells were treated with carrier DNA only. Expression of Htt103Q-EGFP protein was induced by addition of 
2.5 µM muristerone; non-induced controls were treated with equal amounts of ethanol. The cells were incubated 
for 48 hours and caspase-3/7 activity was quantified using the standard assay. The relative caspase activity values 
were normalized to the values of induced cells transfected with siGLOred. In PC12 cells expressing large amounts 
of Htt103Q-EGFP protein the DDX24 knock-down resulted in a ~3-fold increased caspase-3/7 activity (p<0.001, 
n=4) compared to the activity observed in the controls treated with siGLOred. Caspase-3/7 activity levels in cells 
treated with siGLOred control siRNA were similar to those detected in cells treated with carrier DNA. No change in 
caspase-3/7 activity was detected in non-induced cells expressing very low amounts of Htt103Q-EGFP protein.
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To test whether the DDX24 knock-down-mediated increase in caspase-3/7 activity is dependent 
on Htt103Q-EGFP overexpression in PC12 cells, I also silenced DDX24 expression in PC12 cells 
expressing the protein Htt25Q-EGFP which does not induce caspase-3/7 activity (Figure 2.10). 
PC12 cells overexpressing the proteins Htt25Q-EGFP or Htt103Q-EGFP (induction with 2.5 
µM muristerone) were transfected with siDDX24_1 and _4 or the control siRNA siGLOred. As 
negative controls cells were treated with carrier DNA. After incubation for 48 hours caspase-3/7 
activity was analyzed using the standard assay. For quantification of the caspase activity signals, I 
normalized the relative activity values detected in the samples to the activity values obtained in the 
siGLOred transfected controls. As shown in Figure 2.15, I found that in cells expressing Htt25Q-
EGFP in contrast to Htt103Q-EGFP expressing cells the activity of caspase-3/7 was not increased 
upon DDX24 protein knock-down. This indicates that the effect of DDX24 protein knock-down 
on caspase-3/7 activity is dependent on the expression of a toxic mutant Htt protein.

Figure 2.15: PC12 cell expressing Htt25Q-EGFP do not show increased caspase-3/7 activity after DDX24 protein 
knock-down. PC12 cells transfected with siDDX24_1 and _4 or siGLOred as well as non-transfected cells were 
analyzed. Expression of the proteins Htt25Q-EGFP and Htt103Q-EGFP was induced with 2.5 µM muristerone. 
After incubation for 48 hours the activity of caspase-3/7 was analyzed using the standard caspase assay. The relative 
caspase-3/7 activity signals were normalized to the signals in cells transfected with siGLOred. In PC12 cells expressing 
Htt103Q-EGFP caspase-3/7 activity is increased upon endogenous DDX24 silencing, while in Htt25Q-EGFP ex-
pressing cells the activity levels do not change.
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2.2.4 	 DDX24 knock-down enhances caspase-8 and -9 activity induced 
by mutant Htt

Within the caspase activation cascade caspase-3 acts as a downstream effector of caspase-8 
and -9 (Chapter 1.2.3). With regard to this I next investigated the effect of siRNA mediated DDX24 
silencing on the activation of caspase-8 and -9. First, I determined the effect of Htt103Q-EGFP 
protein expression on the activation of caspase-8 and -9 in PC12 cells. PC12 cells were induced 
with muristerone for 48 hours to allow Htt103Q-EGFP expression. As a control non-induced cells 
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were analyzed. The activities of caspase-8 and -9 were subsequently detected by using the standard 
caspase-8 and caspase-9 activity assays. I found that overexpression of the Htt103Q-EGFP protein 
leads to a significantly increased activity of caspase-8 (p<0.001) and caspase-9 (p<0.005) in PC12 
cells (Figure 2.16).
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Figure 2.16: Expression of Htt103Q-EGFP protein activates caspase-8 and caspase-9 in PC12 cells . PC12 
Htt103Q-EGFP cells were induced 48 hours with 2.5 µM muristerone for the expression of Htt103Q-EGFP protein. 
Caspase-8 and -9 activities were detected using the standard caspase assays; the activity values were quantified by 
normalizing the relative activity signals in induced cells to the signals measured in the non-induced controls. The 
expression of Htt103Q-EGFP results in a significantly increased caspase-8 (p<0.001, n=4) and caspase-9 (p<0.005, 
n=4) activity.

In the next step, I investigated whether the DDX24 protein knock-down similar to 
caspase-3/7 increases the activity of caspase-8 and -9 in PC12 cells expressing Htt103Q-EGFP. 
PC12 Htt103Q-EGFP cells were transfected with an siRNA mix of siDDX24_1 and _4 or 
non-targeting siGLOred control siRNA and induced for 48 hours by addition of 2.5 µM muristerone. 
Non-induced PC12 Htt103Q-EGFP cells were analyzed as controls. Caspase-8 and -9 activities 
were detected with the respective standard assays (Chapter 4.2.3). As described before, the relative 
activity values were normalized to the values detected in the siGLOred treated samples expressing 
Htt103Q-EGFP. As shown in Figure 2.17 A, the knock-down of endogenous DDX24 in PC12 cells 
expressing Htt103Q-EGFP significantly increased caspase-8 activity (p<0.001), while in non-in-
duced control cells no significant change of caspase-8 activity was observed. 

The quantification of caspase-9 activity revealed a similar result. PC12 cells expressing 
Htt103Q-EGFP showed a two-fold increase in caspase-9 activity (p<0.001) after transfection with 
siDDX24_1 and _4 compared to the caspase-9 activity in cells treated with non-targeting siRNA 
siGLOred or in non-transfected cells (Figure 2.17 B). However, knock-down of the DDX24 protein 
does not significantly influence caspase-9 activity in non-induced PC12 cells. This indicates that 
DDX24 is not only able to influence caspase-3/7 activity in Htt103Q-EGFP expressing cells. It also 
regulates the activities of caspase-8 and -9.
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Figure 2.17: DDX24 protein knock-down increases caspase-8 and -9 activity in PC12 cells expressing 
Htt103Q-EGFP. PC12 cells were transfected with a mix of siDDX24_1 and _4 siRNA and induced with 2.5 µM 
muristerone for 48 hours. Non-induced cells were analyzed as controls. The activity levels of caspase-8 and -9 were 
detected using the standard caspase assays. (A) In cells expressing toxic Htt103Q-EGFP the DDX24 knock-down 
significantly increases caspase-8 activity (p<0.001, n=4), while caspase-8 activity in non-induced PC12 cells is not 
affected by siRNA mediated DDX24 knock-down. (B) Endogenous DDX24 silencing also enhances Htt103Q-EGFP 
induced activation of caspase-9 revealing a 2-fold increase in activity (p<0.001, n=4). Samples not treated with 
muristerone do not show changes in caspase-9 activity after knock-down of DDX24 protein.

2.3	 Overexpression of human DDX24 rescues Htt-induced 
caspase activity 

2.3.1 	 Cloning and overexpression of HA-tagged human DDX24 protein
The enhanced activity of caspases following endogenous DDX24 silencing suggests a potential 
protective role of DDX24 in PC12 cells. To substantiate this hypothesis, the effect of DDX24 
overexpression on Htt-induced cytotoxicity was analyzed. To allow overexpression of DDX24 in 
the PC12 cell culture model, a DNA expression construct was generated. cDNA with a length of 
2850 bp coding for human DDX24 was shuttled into the pTL1-HA-D48 expression vector using 
the Gateway® Cloning strategy (Invitrogen). The resulting plasmid produces full length DDX24 
protein, with an N-terminal hemagglutinin (HA) epitope tag (HA-DDX24; Figure 2.18). The 
human DDX24 protein shares 79 % sequence identity with the rat protein and 78 % with the 
mouse protein.

For expression of the HA-DDX24 fusion protein, PC12 cells were transfected with 2 µg 
of pTL1-HA-DDX24 plasmid according to the protocol described in Chapter 4.2.3. Cells were 
incubated at 37 °C and after 48 hours lysed under native conditions. The cell extract contain-
ing HA-DDX24 fusion protein was subsequently separated by SDS-PAGE (30 µg loaded) and 
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transferred onto a nitrocellulose membrane for Western blotting. For detection of the HA-DDX24 
fusion protein and the endogenous rat DDX24 protein the membrane was incubated with anti-
DDX24 antiserum. Additionally, the expression of the HA-DDX24 fusion protein was confirmed 
by incubation of the membrane with anti-HA antibody (Figure 2.18).
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Figure 2.18: Expression of HA-DDX24 fusion protein in PC12 cells. Total lysates of PC12 cells expressing 
HA-DDX24 protein were denatured and 30 µg of total protein was separated on a 12.5 % acrylamide SDS gel. The 
expression of HA-DDX24 was confirmed by Western blotting and incubation of the membrane with an anti-DDX24 
antiserum (upper panel) and anti-HA antibody (lower panel). A weak protein band referring to the rat endogenous 
DDX24 protein (rDDX24) is detected with the anti-DDX24 antiserum. 

2.3.2 	 Knock-down of endogenous DDX24 does not affect expression of 
recombinant HA-DDX24 fusion protein

As described in Chapter 2.2, the silencing of endogenous DDX24 in PC12 cells expressing 
Htt103Q-EGFP enhances the activity of caspases induced by the toxic Htt protein. If DDX24 
has a protective function and reduces Htt-induced cytotoxicity, its overexpression should rescue 
Htt-induced caspase activity. In previous experiments it was found that the overexpression of HA-
tagged proteins alone leads to an enhanced level of cytotoxicity, regardless whether HA-DDX24 
or a control protein was expressed. To avoid this problem an RNAi rescue experiment was per-
formed. 

First, I tested whether the human HA-DDX24 protein can be overexpressed in PC12 cells under 
conditions when the endogenous DDX24 protein is silenced by RNAi. PC12 cells expressing 
Htt103Q-EGFP (induced with 2.5 µM muristerone) were co-transfected with the expression vector 
pTL1-HA-DDX24 for expression of HA-DDX24 fusion protein and with siRNAs targeting rat 
DDX24 (siDDX24_1, _2, _3 and _4). PC12 cell were either treated with 100 pmol of one type of 
siDDX24_1 to _4 or with the pool containing all four siRNAs (siDDX24_p). In control samples 
siDDX24_1, _2, _3 and _4 or the pool were co-transfected with 2 µg carrier DNA. The cells were 
incubated at 37 °C and harvested after 48 hours. PC12 cells were lysed under native conditions 
and 60 µg of total protein were heat-denatured and analyzed by SDS-PAGE and Western blotting. 
The Western blot membrane was immunostained with the anti-DDX24 antiserum to detect the 
overexpressed HA-DDX24 fusion protein as well as the rat endogenous DDX24 protein. In addi-
tion, the blot was incubated with the CAG53b antibody to visualize Htt103Q-EGFP protein; actin 
was detected as loading control with the anti-actin antibody. Figure 2.19 shows a representative 
Western blot analysis. siDDX24_1 reduced endogenous levels of rat DDX24 but did not affect 
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the expression of human HA-DDX24 fusion protein. The siRNAs siDDX24_2 and siDDX24_3 
also reduced the rat DDX24 protein levels and showed no effect on the expression of HA-DDX24 
fusion protein. However, these siRNAs have been shown previously to silence endogenous rat 
DDX24 less efficiently than the siRNAs siDDX24_1 and siDDX24_4 (Chapter 2.2.2; Figure 2.12). 
Interestingly, I found that the siRNA siDDX24_4, which is able to silence rat endogenous DDX24 
very efficiently (Chapter 2.2.2), also reduces the expression of human HA-DDX24 fusion protein. 
This was also confirmed when cell extracts of PC12 cells transfected with the siDDX24 siRNA pool 
were analyzed. Hence, only siDDX24_1 was used in the subsequent rescue experiment to avoid 
silencing of human HA-DDX24 by RNAi.

Figure 2.19: Representative Western blot demonstrating silencing of rat endogenous DDX24 protein using 
siDDX24_1, _2, _3 and _4 as well as the pool of siDDX24_1 to _4 in the presence or absence of overexpressed 
HA-DDX24 fusion protein. PC12 cells induced for Htt103Q-EGFP expression were co-transfected with 2 µg 
pTL1-HA-DDX24 and 100 pmol of either one type of siDDX24 siRNA or the pool of all four siRNAs (siDDX24_p). 
In the control cells the pTL1-HA-DDX24 plasmid was substituted by carrier DNA. After incubation for 48 hours 
PC12 cells were harvested and lysed under native conditions. 60 µg of total protein were denatured and separated on 
a 12.5 % acrylamide SDS gel. The expression of HA-DDX24 fusion protein and of endogenous rat DDX24 protein 
was detected on a Western blot by incubation with anti-DDX24 antiserum. For detection of Htt103Q-EGFP protein 
the membrane was incubated with the CAG53b antibody; actin serving as loading control was detected by the anti-
actin antibody. The expression of endogenous DDX24 protein is efficiently reduced by siDDX24_1 and siDDX24_4 
as described before, as well as by the siDDX24 pool. Besides this, transfection of HA-DDX24 expressing PC12 cells 
with siDDX24_4 or the siDDX24 pool resulted in a reduction of HA-DDX24 protein expression.
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2.3.3 	 Overexpression of human DDX24 rescues toxic effects of DDX24 
knock-down on mutant Htt-induced caspase activity

In the next step, I tested whether the overexpression of human HA-DDX24 fusion protein can 
rescue the effect of endogenous DDX24 protein silencing on Htt103Q-EGFP induced caspase 
activity. PC12 cells were induced for the expression of Htt103Q-EGFP protein using 2.5 µM 
muristerone and transfected with 100 pmol siDDX24_1 siRNA and 2 µg of pTL1-HA-DDX24 
expression plasmid. In the control cells siDDX24_1 was transfected with 2 µg carrier DNA. After 
48 hours cell numbers were determined by counting and a standardized number of cells was re-
seeded as triplicates in a 96 well plate. After 1 hour the activities of caspase-3/7 and caspase-8 were 
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determined using standard assays and were monitored in a multiplexed reaction (Chapter 4.2.3). 
Figure 2.20 shows caspase-3/7 and -8 activities of PC12 cells in which endogenous DDX24 was 
silenced and human HA-DDX24 was simultaneously expressed (siDDX24/HA-DDX24) relative 
to cells in which DDX24 was silenced but which did not express the HA-DDX24 fusion protein 
(siDDX24 /-). As shown in Figure 2.20 A, the activity of caspase-3/7 induced by Htt103Q-EGFP 
expression and endogenous DDX24 protein silencing was significantly (p<0.001) reduced by 
the overexpression of HA-DDX24 fusion protein. Moreover, caspase-8 activity was significantly 
(p<0.005) suppressed when the HA-DDX24 fusion protein was overexpressed (Figure 2.20 B). 

Figure 2.20: Overexpression of human HA-DDX24 fusion protein rescues caspase activity induced by DDX24 
knock-down and simultaneous expression of Htt103Q-EGFP. In PC12 cells expressing Htt103Q-EGFP 
endogenous DDX24 expression levels were reduced by RNAi using siDDX24_1 simultaneously to the overexpression 
of HA-DDX24 fusion protein. In the control samples only the DDX24 knock-down was performed. Cells were trans-
fected with siDDX24_1 and either the expression plasmid pTL1-HA-DDX24 or carrier DNA. Cells were incubated 
for 48 hours at 37 °C. After harvesting the activities of caspase-3/7 and -8 were determined using standard assays. 
The relative caspase activities were normalized to the signals detected in cells that did not overexpress the HA-DDX24 
protein. (A) Htt103Q-EGFP expressing PC12 cells treated with siDDX24_1 and overexpressing HA-DDX24 fusion 
protein showed a significantly reduced activity of caspase-3/7 compared to controls (p<0.001, n=5). (B) Overexpres-
sion of HA-DDX24 fusion protein significantly reduces the toxic effect of endogenous DDX24 silencing on caspase-8 
activity (p<0.005, n=4). 
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2.4	 Expression of mutant Htt protein changes DDX24 
expression in HD model systems

2.4.1 	 DDX24 transcript levels are increased in PC12 cells expressing 
Htt103Q-EGFP protein

In the next part of the study, the effect of mutant Htt overexpression on DDX24 mRNA levels was 
analyzed.

Previously, I could show that the reduction of endogenous DDX24 protein by RNAi increases 
caspase-3/7 and caspase-8 activity in PC12 cells overexpressing Htt103Q-EGFP (Chapter 2.2.3 
and 2.2.4). This indicates that DDX24 has a protective effect on mutant Htt-induced toxicity in 
mammalian cells. Thus, mutant Htt expression might also influence the transcript and protein 
levels of DDX24 in PC12 cells. I therefore investigated whether DDX24 transcript levels are altered 
in PC12 cells overexpressing Htt103Q-EGFP or Htt25Q-EGFP protein. 

Expression of the recombinant proteins was induced for 48 hours by 2.5 µM muristerone and 
endogenous DDX24 mRNA levels were quantified by real-time PCR analysis (Chapter 4.2.1). As 
a control non-induced PC12 cells which do not express the proteins Htt103Q-EGFP or Htt25Q-
EGFP were analyzed. I observed that the DDX24 mRNA levels are significantly increased by 
~150 % (p<0.02) in PC12 cells overexpressing Htt103Q-EGFP in comparison to the non-induced 
controls. However, such effect was not observed in cells overexpressing the protein Htt25Q-EGFP 
(Figure 2.21). This indicates that overexpression of mutant Htt protein stimulates the transcription 
of DDX24 mRNA in mammalian cells.
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Figure 2.21: Overexpression of HttQ103-EGFP protein results in increased DDX24 mRNA in mammalian cells. 
PC12 cells were induced for overexpression of the recombinant proteins Htt103Q-EGFP or Htt25Q-EGFP by 2.5 µM 
muristerone for 48 hours. DDX24 transcript levels were quantified in the total RNA isolates of the PC12 cells by 
two-step real-time PCR. The DDX24 mRNA levels were normalized to the amount of total RNA, and the relative 
expression of DDX24 transcript was determined by normalizing DDX24 mRNA levels to the levels of the controls 
which do not express Htt103Q-EGFP or Htt25Q-EGFP protein. The expression of Htt103Q-EGFP protein leads to a 
significant increase in DDX24 mRNA levels (p<0.02, n=5), whereas the levels do not change in PC12 cells expressing 
Htt25Q-EGFP protein. 

2.4.2 	 Transcript levels of DDX24 are enhanced in a HD transgenic 
mouse model

In order to verify the results obtained in the PC12 cell culture system and to evaluate the importance 
of this finding regarding the pathogenesis of Huntington’s disease, DDX24 mRNA levels were as-
sayed in the transgenic mouse model TgHD82Q (Chapter 1.3). For this experiment groups of male 
animals with either 6 weeks or 15 weeks of age were tested for their DDX24 transcript levels in the 
striatum compared to the levels in the rest brain. Mice at the age of 6 weeks not yet begin to show 
the phenotypic abnormalities like inability to gain weight and impaired motor performance on the 
rotor rod (Schilling et al., 1999). In contrast, transgenic mice with an age of 15 weeks represent the 
end stage of the disease and show all the behavioral characteristics such as tremor, abnormal gait, 
hypokinesis and weight loss as well as nuclear inclusions and neuritic aggregates (see Figure 1.4). 
For each age a number of 3, respectively 4 male transgenic (tg) and wild-type (wt) animals were 
analyzed. From the isolated brains the striata were dissected and analyzed for their DDX24 specific 
mRNA content. Tissue samples were homogenized and the total RNA was isolated as described 
in Chapter 4.2.1. The DDX24 mRNA levels in the preparations then were quantified by real-time 
PCR. A significantly (p<0.02) enhanced expression of the DDX24 mRNA by 130 % was observed 
in the striatum of 15 weeks old transgenic mice, whereas transgenic animals with an age of 6 weeks 
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did not show any changes in their striatal DDX24 mRNA levels compared to the corresponding 
wt controls (Figure 2.22).
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Figure 2.22: DDX24 transcription is changed in the striatal brain region of 15 weeks old transgenic HD mice. DDX24 
mRNA levels were determined via two-step real-time PCR using total RNA isolates from striatal tissue of 6 and 15 
weeks old wild-type and transgenic N171-82Q expressing mice. In the initial phase of the disease at the age of 6 
weeks no change in DDX24 mRNA levels between wild-type and transgenic mice is visible. By contrast, at the age 
of 15 weeks - the end stage of the disease - transgenic animals show significantly enhanced DDX24 transcript levels 
compared to the wild-type mice (p<0.02, n=3).

To test whether the results obtained for the transcript levels of DDX24 correlate with the levels of 
DDX24 protein in the striatum of 15 weeks old animals, a Western blot analysis was performed. Pro-
teins from the striatal section were isolated from the organic- and interphase which remained after 
chloroform separation in the RNA isolation procedure by acetone precipitation (Chapter 4.2.2). 
300 µg of total protein were mixed with SDS-loading buffer, denatured by heat and separated by 
SDS-PAGE. Following protein transfer to the nitrocellulose membrane the endogenous DDX24 
protein was visualized by incubation of the membrane with the anti-DDX24 antiserum, GAPDH 
was used as loading control. Surprisingly, samples of transgenic 15 weeks old animals showed de-
creased DDX24 protein levels in striatal tissue compared to the protein levels detected in wild-type 
littermates (Figure 2.23 A). This result is unexpected since DDX24 transcript levels are enhanced 
in the striatum of transgenic HD mice (Figure 2.22), suggesting an accelerated degradation of 
DDX24 in HD mice. In contrast, PC12 cells overexpressing Htt103Q-EGFP did not show changes 
in the protein levels of endogenous DDX24 (Figure 2.23 B). 
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. (A) 300 µg of total protein derived from the striatal tissue of transgenic and wild-type animals were 
separated by SDS-PAGE and the proteins were transferred to nitrocellulose by Western blotting. For detection of the 
DDX24 protein the membrane was incubated with an anti-DDX24 antiserum; the loading control GAPDH was 
visualized with an anti-GAPDH antibody. In 15 weeks old transgenic animals the levels of endogenous DDX24 pro-
tein in the striatum are decreased compared to age-matched wild-type controls. (B) Total cell extracts of PC12 cells 
expressing Htt103Q-EGFP and of non-induced cells were analyzed by SDS-PAGE using anti-DDX24 antiserum for 
the detection of endogenous DDX24 levels. The Htt103Q-EGFP protein was detected with the CAG53b-antibody. No 
changes in the expression levels of DDX24 between induced and non-induced cells were detectable on the Western 
blot.
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Figure 2.23: Representative Western blot of DDX24 protein levels in striatal tissue of 15 weeks old mice and
PC12 cells

2.5	 Altered levels of DDX24 do not influence Htt expression 
and aggregation 

2.5.1 	 Expression of Htt103Q-EGFP is not affected by endogenous 
DDX24 protein silencing

In the next part of the study I investigated whether the reduction of endogenous DDX24 protein 
levels by RNAi influences the expression of mutant Htt or its ability to form aggregates. I have 
shown before that the expression of Htt103Q-EGFP in PC12 cells leads to the activation of several 
caspases and induces the transcription of DDX24.

In order to analyze the effect of DDX24 knock-down on the expression of mutant Htt103Q-
EGFP PC12 cells were induced with muristerone and transfected with DDX24 mRNA specific 
siRNA (siDDX24_1 or siDDX24_4). Controls were transfected with non-targeting siGLOred 
siRNA. After incubation for 48 hours PC12 cells were harvested and the total RNA was isolated. 
To quantify the transcript levels of Htt103Q-EGFP a real-time PCR analysis was performed using 
a FAM-labeled TaqMan probe which was specifically designed to detect the Htt103Q-EGFP 
transcript (Chapter 4.1.6). I observed no differences in the transcript levels of Htt103Q-EGFP in 
samples treated with siDDX24_1 or _4 compared to the controls, indicating that the reduction 
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of endogenous DDX24 levels in PC12 cells does not affect the levels of Htt103Q-EGFP mRNA 
(Figure 2.24 A). 

In addition to the real-time PCR analysis, the expression of Htt103Q-EGFP protein in PC12 cells 
was monitored. PC12 cells transfected with siDDX24_1 or siDDX24_4 were induced for 48 hours 
with muristerone, lysed under native conditions and 60 µg of total protein were analyzed by SDS-
PAGE and immunoblotting (Figure 2.24 B). To detect overexpressed Htt103Q-EGFP protein the 
membrane was incubated with CAG53b antibody. Endogenous DDX24 protein was detected with 
anti-DDX24 antiserum; the loading control actin was detected with anti-actin antibody.

In agreement with the results obtained in the real-time PCR experiment knock-down of DDX24 
did not influence the Htt103Q-EGFP protein levels (Figure 2.24 B). Thus, endogenous DDX24 
silencing does neither affect the expression of Htt103Q-EGFP on the mRNA level nor on the 
protein level. Consequently, the increase in Htt103Q-EGFP induced caspase activity by DDX24 
knock-down cannot be the result of changes in Htt103Q-EGFP protein expression.
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Figure 2.24: Expression of Htt103Q-EGFP is not influenced by DDX24 knock-down.  (A) mRNA levels of DDX24 
and Htt103Q-EGFP were analyzed by quantitative real-time PCR using specific primers and TaqMan probes. The 
degradation of mRNA coding for DDX24 protein does not result in changes of Htt103Q-EGFP mRNA transcription. 
(B) Western blot analysis of the Htt103Q-EGFP protein levels in cell extracts of PC12 cells induced for Htt103Q-
EGFP expression and transfected with siDDX24_1 or siDDX24_4. 60 µg of total protein in the cell extracts were 
separated on a 12.5 % acrylamide gel and analyzed by Western blotting. To detect DDX24 protein an anti-DDX24 
antiserum was used, for detection of Htt103Q-EGFP the membrane was incubated with the CAG53b antibody. Actin 
served as a loading control. No changes in the expression levels of Htt103Q-EGFP protein were observed.

2.5.2 	 Aggregation of Htt103Q-EGFP is not affected by knock-down of 
DDX24 protein

Next, I visualized the endogenous DDX24 protein using immunofluorescence microscopy to 
detect the intracellular distribution of DDX24 and of Htt103Q-EGFP. Moreover, this method was 
utilized to investigate whether DDX24 colocalizes with insoluble Htt103Q-EGFP aggregates. PC12 
cells were treated with 2.5 µM muristerone to induce the expression of Htt103Q-EGFP protein for 
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72 hours. Non-induced PC12 cells, which do not express the protein Htt103Q-EGFP, were used as 
controls.  Cells were fixed with 4 % paraformaldehyde and stained against the endogenous DDX24 
protein with the anti-DDX24 antiserum followed by incubation with a Cy3-fluorescence labeled 
secondary antibody. The cell nuclei were stained with DAPI. In all cells the endogenous DDX24 
protein labeled with the red fluorescent Cy3 was found to be diffusely distributed in the cell body. 
Nuclear foci of DDX24 were found in part in cells that expressed Htt103Q-EGFP (Figure 2.25, 
indicated by arrowhead). Aggregates of the Htt103Q-EGFP protein were detected by their green 
fluorescent EGFP-tag (Ex470nm/Em525). I could not observe a colocalization of DDX24 with 
Htt103Q-EGFP aggregates in PC12 cells.
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Figure 2.25: Endogenous DDX24 protein does not colocalize with mutant Htt aggregates. PC12 cells expressing 
Htt103Q-EGFP were induced with muristerone for 72 hours. For immunofluorescence analysis cells were fixed with 4 
% paraformaldehyde and the endogenous DDX24 protein was stained with anti-DDX24 antiserum followed by incu-
bation with a Cy3-labeled anti-rabbit secondary antibody. The cell nuclei were visualized by DAPI staining (blue). All 
cells show a diffuse staining indicating the DDX24 protein (red), the arrowhead indicates a nuclear focus of DDX24. 
Exposure times induced/non-induced: DAPI 209/294 ms, Htt103Q-EGFP 36/69 ms, DDX24-Cy3 86/244 ms. A 
colocalization of DDX24 and the Htt103Q-EGFP inclusions (green) was not observed.

In order to evaluate whether the observed effects of endogenous DDX24 silencing on Htt-induced 
caspase activity are linked to the formation of Htt103Q-EGFP aggregates, a filter retardation as-
say was performed. PC12 cells were induced for 72 hours to express Htt103Q-EGFP protein and 
simultaneously transfected with the siRNAs siDDX24_1 and siDDX24_4. Control samples either 
were transfected with non-targeting siRNA siGLOred or treated with carrier DNA. PC12 cells 
were harvested at time points of 24, 48 and 72 hours and subsequently lysed under native condi-
tions. To monitor the amount of aggregates formed in the particular samples increasing amounts 
of total cell extract were filtered through a cellulose acetate membrane (Scherzinger et al., 1997). 
The Htt103Q-EGFP aggregates, which were retained on the membrane surface, were detected by 
exposure of the membrane to blue UV light (460nm; Figure 2.26 A). If the knock-down of DDX24 
protein inhibits aggregation, less Htt103Q-EGFP aggregates should be detected on the membrane 
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surface compared to the controls treated with siGLOred or carrier DNA. In case of an increase in 
aggregation the EGFP signal should be strengthened. However, I found that the amount of aggre-
gates formed in PC12 cells transfected with a combination of siDDX24_1 and _4 was not different 
than in control cells (Figure 2.26). This indicates that DDX24 does not influence the formation 
of endogenous Htt103Q-EGFP aggregates and that the effect of DDX24 protein knock-down on 
HttQ103-EGFP-induced caspase activity is not influenced by changes in aggregate formation. 
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Figure 2.26: Reduction of intracellular DDX24 protein levels does not influence Htt103Q-EGFP aggregate 
formation. PC12 cells expressing Htt103Q-EGFP were transfected with either DDX24 targeting siRNAs 
(siDDX24_1 and _4) or non-targeting siRNA siGLOred. (A) Samples were incubated for 24 to 72 hours allowing 
aggregate formation. After lysis in 1 % NP-40 standard lysis buffer under native conditions total cell extracts were 
subjected to the filter retardation assay and aggregates on the membrane were detected by their fluorescent EGFP-tag 
(exposure to UV light, 460nm). (B) Quantification of the native filter retardation assay. The amounts of aggregates 
in the knock-down samples do not significantly differ from the controls.

ctrl

1.6

incubation (h)

to
ta
l p
ro
te
in
 (µ

g)

24

siGLOred siDDX24_1&4

48 72 24 48 72 24 48 72

3.2

6.4

12.8

A

To corroborate this observation, I performed an immunofluorescence microscopy experiment 
detecting intracellular Htt103Q-EGFP aggregates and endogenous DDX24 protein. PC12 cells 
were transfected with siDDX24_1 and _4 and induced for expression of the recombinant protein 
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Htt103Q-EGFP. As controls PC12 cells were transfected with siGLOred non-targeting siRNA. 
72 hours after induction and transfection the cells were fixed with 4% paraformaldehyde and im-
munostained against endogenous DDX24 protein using the anti-DDX24 antiserum in combina-
tion with a Cy5-labeled anti-rabbit antibody. Cell nuclei were stained with DAPI. In the fluores-
cence microscope the Htt103Q-EGFP protein was detected by its green fluorescence. Figure 2.27 
shows the reduction of endogenous DDX24 protein levels in PC12 cells transfected with a com-
bination of siDDX24_1 and _4 compared to the controls transfected with siGLOred. I found that 
the number of Htt103Q-EGFP aggregates does not significantly change upon DDX24 silencing in 
PC12 cells. This result is consistent with the data from the filter retardation assay.

 

Figure 2.27: Knock-down of endogenous DDX24 protein does not affect the formation of Htt103Q-EGFP aggre-
gates visible in the fluorescence microscope. PC12 cells were induced for Htt103Q-EGFP expression and transfected 
with a combination of siDDX24_1&_4 for DDX24 protein knock-down. Control cells were treated with non-target-
ing siGLOred siRNA. After 72 hours PC12 cells were fixed in 4% paraformaldehyde and incubated with anti-DDX24 
antiserum as well as with Cy5-labeled secondary antibody for the detection of the endogenous DDX24 protein (red). 
Cell nuclei were stained with DAPI (blue), EGFP-labeled Htt and aggregates are shown in green. The red fluorescent 
control siRNA siGLOred is displayed in cyan (color manually changed). Exposure times siDDX24_1&4/siGLOred: 
DAPI 25/26ms, Htt103Q-EGFP 48/48 ms, DDX24-Cy3 17/17ms, siGLOred 488/488ms. PC12 cells transfected with 
siDDX24_1&_4 show reduced amounts of endogenous DDX24 protein (upper panel). The amount of Htt103Q-
EGFP aggregates is comparable in both samples. 
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2.6	 Interaction of DDX24 with FADD mediates apoptosis 
signaling 

2.6.1 	 DDX24 directly binds to the apoptosis mediator FADD providing 
a link to the extrinsic apoptosis signaling pathway

The results of the first part of the study established that DDX24 exerts a protective function 
in Htt103Q-EGFP induced caspase activity, but does not directly influence Htt103Q-EGFP overex-
pression or aggregation. In the next part of the study I focused on the question how the protective 
effect of DDX24 protein is linked to the apoptosis network. For this purpose a database search for 
all potential interaction partners was performed using the Unified Human Interactome Database 
“UniHI” (Chaurasia et al., 2007; 2009). The resulting list was screened for DDX24 interaction part-
ners which are either linked to Htt or caspase-3 and caspase-8 in order to obtain a protein-protein 
interaction network for the apoptosis signaling pathway (Figure 2.28).

Figure 2.28: Protein-protein interaction network linking DDX24 to Htt as well as caspase-3 and -8, which are 
key players of apoptosis (modified from the outcome of the blast in the Unified Human Interactome Database).
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The network analysis suggests that FADD (Fas-associated via death domain) represents a direct 
link between DDX24 and caspase-8 and caspase-3 and thus the caspase activation pathway 
(Figure 2.28). As described extensively in Chapter 1.2.1 FADD plays a crucial role in the signal 
transduction of the receptor-mediated apoptosis pathway. Thus, I next investigated the interaction 
between DDX24 and FADD using binding assays such as co-immunoprecipitation (Co-IP), 
luminescence-based mammalian interactome mapping (LUMIER) and Förster resonance energy 
transfer (FRET). 

First, a co-immunoprecipitation (Co-IP) experiment was performed in a mammalian cell culture 
system (Chapter 4.2.2). HEK293 cells were co-transfected with expression plasmids for the two re-
combinant proteins. The first one (pFireV5-DDX24) is coding for a V5-tagged DDX24 fusion pro-
tein with a firefly luciferase (F-luc, see below) and  the other one  (pPAReni-FADD) codes for the 
postulated interaction partner FADD, fused to a protein A (PA)-tag and the renilla luciferase (R-luc). 
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As a control HEK293 cells were transfected with pFireV5-DDX24 and the empty expression vector 
pPAReni-DM, which codes only for the PA-Renilla luciferase fusion protein (PA-Reni). 

After incubation for 24 hours cells were lysed and the whole cell extracts were incubated with 
magnetic IgG coated Dynabeads® (Invitrogen) which bind the PA-tag of the PA-Reni fusion 
proteins. After several washing steps the magnetic beads potentially binding the co-precipitated 
Fire-V5-DDX24 protein were heat-denatured in SDS-containing buffer. Next, the samples were 
separated by SDS-PAGE, followed by Western blotting. To detect the Fire-V5-DDX24 fusion pro-
tein that was co-immunoprecipitated by PA-Reni-FADD, the membrane was incubated with a 
V5-specific antibody. Furthermore, a PA-recognizing antibody was used to detect PA-Reni-FADD 
fusion protein and PA-Reni control protein. Figure 2.29 shows that the Fire-V5-DDX24 fusion 
protein can be co-immunoprecipitated with the protein PA-Reni-FADD, but not with the control 
protein PA-Reni, confirming the interaction predicted by the UniHI database.
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Figure 2.29: Co-immunoprecipitation of Fire-V5-DDX24 with PA-Reni-FADD. HEK293 cells were transfected 
with pPAReni-FADD and pFireV5-DDX24, whereas control cells were transfected with the empty vector pPAReni-
DM and pFireV5-DDX24. After an incubation for 24 hours, protein complexes were precipitated using IgG coated 
Dynabeads® binding the PA-Reni-FADD fusion protein, separated by SDS-PAGE and transferred to nitrocellulose for 
Western blotting. The co-immunoprecipitated Fire-V5-DDX24 fusion protein was detected by anti-V5 antibody and 
PA-Reni-FADD was visualized with an anti-PA antibody. In HEK293 cells expressing the fusion proteins PA-Reni-
FADD and Fire-V5-DDX24 a co-precipitation of Fire-V5-DDX24 with PA-Reni-FADD is observed. In contrast, the 
PA-Reni protein alone is not able to bind and precipitate Fire-V5-DDX24. 

In addition, a modified version of the LUMIER method (Barrios-Rodiles et al., 2005; 
Palidwor et al., 2009; Chapter 4.2.2) was used for the validation of the interaction. As in the Co-IP 
experiment HEK293 cells were transfected with the expression vectors pPAReni-FADD/pFireV5-
DDX24. Additionally, cells were transfected vice versa with pPAReni-DDX24/pFireV5-FADD. As 
controls HEK293 cells were treated with combinations of pPAReni-FADD/pFireV5-DM (empty 
vector), pPAReni-DM/pFireV5-DDX24, pPAReni-DDX24/pFireV5-DM and pPAReni-DM/
pFireV5-FADD. Double-negative controls were transfected with pPAReni-DM and pFireV5-DM. 
To isolate PA-renilla-tagged fusion proteins PA-Reni-FADD, PA-Reni-DDX24 and PA-Reni, 
the cell extracts were incubated in IgG coated plates. After several washing steps, the binding 
(co-immunoprecipitation) of the firefly-V5-tagged fusion proteins Fire-V5-DDX24, Fire-V5-FADD 
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and Fire-V5 to the PA-renilla-tagged fusion proteins were quantified by measuring the firefly lu-
ciferase activity in a luminescence plate reader using the Dual-GloTM Luciferase Assay System 
(Promega). As expressional control the renilla luciferase activity was also measured for PA-renilla 
luciferase binding to the IgG-coated magnetic plates. Samples containing both fusion proteins 
showed a ~ 5-fold higher luminescence signal than the controls (Figure 2.30). This confirms the 
results of the co-immunoprecipitation experiment and thus, the interaction between DDX24 and 
FADD. 
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Figure 2.30: Analysis of DDX24 binding to FADD using a LUMIER assay. HEK293 cells were co-trans-
fected with expression plasmids pPAReni-FADD and pFireV5-DDX24 for expression of PA-Reni-FADD and Fire-
V5-DDX24. Vice versa, cells were transfected with pPAReni-DDX24 and pFireV5-FADD allowing expression of 
PA-Reni-DDX24 and Fire-V5-FADD. As controls served cells transfected with combinations of pPAReni-FADD/
pFireV5-DM, pPAReni-DDX24/pFireV5-DM as well as pPAReni-DM/pFireV5-FADD, pPAReni-DM/pFireV5-
DDX24 and pPAReni-DM/ pFireV5-DM (double-negative control). HEK293 cells were incubated for 24 hours, lysed 
and the fusion protein complexes were isolated from the cell extracts by incubation of the lysates in IgG coated plates 
binding the PA-fusion proteins. Subsequently, the firefly luciferase activity of the V5-F-Luc fusion proteins that were 
co-immunoprecipitated were quantified by measuring the relative luminescence signals detected as relative lumi-
nescence units (RLU). The relative luminiscence signals were subsequently normalized to the signals obtained in the 
double-negative control transfected with both empty vectors (Empty/Empty=1).

Furthermore, the interaction between DDX24 and FADD was confirmed using a FRET-based 
interaction assay (for detailed discription see Chapter 4.2.3). Plasmids encoding ECFP-DDX24 
(pdECFP-DDX24) and EYFP-FADD (pdEYFP-FADD) fusion proteins were co-transfected into 
HEK293 cells. Cells co-transfected either with pdECFP-DDX24/pdEYFP-Amp (empty expres-
sion vector) or with pdEYFP-FADD/pdECFP-Amp were used as negative controls. Moreover, 
HEK293 cells were either transfected with pdECFP-DDX24/pcDNA3.1-β-Gal or pdEYFP-FADD/
pcDNA3.1-β-Gal serving as controls for calculation of the ECFP- and EYFP-correction factors 
as described in Chapter 4.2.3. The samples were incubated for 24 hours at 37°C. To prove the 
interaction between the fusion proteins, cells were excited with a wavelength of 436 nm and the 
FRET signal was detected by measuring the fluorescence emitted at 530 nm. In order to quantify 
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FRET signals, fluorescence signals of ECFP- and EYFP-labeled interaction partners must be quan-
tified independently.

To detect ECFP fluorescence the samples were excited with UV light with a wavelength of 436 nm 
and the fluorescence emission was detected at 485 nm. For EYFP detection an excitation wave-
length of 485 nm was used and the emission was detected at 530 nm. Figure 2.31 shows the relative 
fluorescence signals of the various samples after subtraction of the background signal. The fluores-
cence signals vary between samples due to different protein expression levels. The highest expres-
sion levels of ECFP and EYFP fluorescence are observed in cells expressing both fusion proteins 
ECFP-DDX24 and EYFP-FADD or one of the fusion proteins in addition to β-Gal. In contrast, the 
fluorescence signals in cells transfected with pdECFP-DDX24 and pdEYFP-Amp or with pdEYFP-
FADD and pdECFP-Amp were 5- to 10-fold lower.
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Figure 2.31: Expression of the fusion proteins ECFP-DDX24 and EYFP-FADD in HEK293 cells. For expression of 
the proteins HEK293 cells were transfected with the expression vectors pdECFP-DDX24 and pdEYFP-FADD. FRET 
controls were transfected with either pdECFP-DDX24 and pdEYFP-Amp or with pdEYFP-FADD and pdECFP-Amp. 
As controls for calculation of the correction-factors cells were transfected with pcDNA3.1-β-Gal and either pdECFP-
DDX24 or pdEYFP-FADD. (A)  After incubation for 24 hours the ECFP fluorescence signals were detected by excita-
tion of the samples at 436 nm and fluorescence detection at 485 nm. (B) EYFP fluorescence signals were determined 
by excitation with UV light in a wavelength of 485nm and detection of the fluorescence emission at 530nm.

The fluorescence signals were then used to normalize the FRET signals to the protein expression 
levels and to calculate the netto FRET signals (netFRET; Chapter 4.2.3). In Figure 2.32 A, the 
netFRET signals of the samples expressing ECFP-DDX24 and EYFP-FADD fusion proteins as 
well as those of the controls containing either ECFP-DDX24 and EYFP protein or EYFP-FADD 
fusion protein and ECFP are shown. For validation the netFRET signals of the interaction between 
DDX24 and FADD were compared to the signals obtained for the protein pair LSM1/LSM2 serving 
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as positive control (Figure 2.32 B). Both proteins are U6 small nuclear RNA associated proteins, 
which were demonstrated to interact in the human mRNA degradation framework (Lehner and 
Sanderson, 2004). The protein pair PSMD5/SLC22A15 served as a negative control (Figure 2.32 C). 
PSMD5 is a component of the proteasome protein complex (Gevaert et al., 2003), while SLC22A15 
is integrated into the membrane, where it acts as an ion transporter (Eraly and Nigam, 2002).  Since 
PSMD5 and SLC22A15 are located in different cellular compartments, an interaction between 
these proteins is very unlikely. 

The netFRET signal in cells overexpressing ECFP-DDX24/EYFP-FADD is ~ 6.2-fold higher than 
the signal in control cells expressing ECFP-DDX24/EYFP protein. The signal obtained in cells 
overexpressing ECFP-DDX24/EYFP-FADD was 3-fold higher than the signal detected in the 
control cells overexpressing EYFP-FADD/ECFP. This finding confirms the interaction between 
DDX24 and FADD and corroborates the interaction demonstrated in the Co-IP experiment and 
the LUMIER assay.

Figure 2.32: Confirmation of the DDX24 interaction with FADD using a FRET assay. (A) HEK293 cells were 
transfected with pdECFP-DDX24 and pdEYFP-FADD, controls were transfected with either pdECFP-DDX24 and 
pdEYFP-Amp or with pdEYFP-FADD and pdECFP-Amp. 24 hours after transfection the samples were analyzed 
for their ECFP-EYFP FRET signal by excitation with UV light using a wavelength of 436 nm for ECFP excitation. 
FRET signals were detected at a wavelength of 530 nm corresponding to the emission wavelength of EYFP. The FRET 
signals then were correlated to the ECFP and EYFP fluorescence in order to obtain the netFRET signals (Chapter 
4.2.3). The netFRET signals in cells expressing the fusion proteins ECFP-DDX24 and EYFP-FADD were found to 
be 3- to 6.2-fold higher than the signals observed in the control cells, indicating an interaction between DDX24 and 
FADD. (B) netFRET signals of the positive control protein pair LSM1/LSM2. (C) Negative control proteins PSMD5 
and SLC22A15 do not interact. Thus, their co-expression results in very low netFRET signals.
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Moreover, a fluorescence microscopy experiment was performed to verify the interaction between 
DDX24 and FADD. PC12 cells co-transfected with combinations of the expression vectors 
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pc-myc-FADD/pTL1-HA-DDX24 coding for Myc-FADD and HA-DDX24 fusion proteins or with 
pc-myc-DDX24/pTL1-HA-FADD for expression of Myc-DDX24 and HA-FADD were grown on 
glass slides. As a negative control pTL1-HA-FADD was transfected with carrier DNA. The cells 
then were either induced with 2.5 µM muristerone for Htt103Q-EGFP expression or treated with 
ethanol as a solvent control. After an incubation period of 72 hours the PC12 cells were fixed with 
4% paraformaldehyde and incubated with an anti-HA antibody (rabbit) in combination with an 
anti-Myc antibody (mouse). Subsequently, the samples were incubated with fluorescence labeled 
secondary antibodies. For detection of HA-fusion proteins a Cy3-labeled donkey anti-rabbit anti-
body was used, for visualization of the Myc-tagged proteins I used a Cy5-labeled goat anti-mouse 
antibody. The cell nuclei were stained with DAPI. The distribution of the overexpressed fusion 
proteins then was determined by fluorescence microscopy. Figure 2.33 shows that a colocalization 
of DDX24 and FADD occurs in PC12 cells expressing both combinations of the fusion proteins 
Myc-FADD/HA-DDX24 and Myc-DDX24/HA-FADD, respectively (Figure 2.33 A and C). The 
colocalization was observed independently of the expression of Htt103Q-EGFP (Figure 2.33 A 
and B). The colocalization of HA-DDX24/Myc-FADD and Myc-DDX24/HA-FADD detected by 
fluorescence microscopy confirms the results from the other interaction studies and verifies the 
interaction between DDX24 and FADD.
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Figure 2.33: Colocalization of DDX24 and FADD in PC12 cells. (A) & (B) PC12 cells were transfected with 
pTL1-HA-DDX24 and pc-myc-FADD expression plasmids. (A) Htt103Q-EGFP expression was induced with 
2.5 µM muristerone, (B) non-induced controls were treated with ethanol. Cells were fixed with 4% paraformalde-
hyde 72 hours post transfection and immunostained for Myc-FADD and HA-DDX24 with anti-Myc (mouse) and 
anti-HA (rabbit) antibodies. To analyze the colocalization under the fluorescence microscope the PC12 cells were 
incubated with an anti-mouse Cy5-antibody for visualization of Myc-FADD (cyan) and a Cy3-labeled anti-rabbit 
antibody for the detection of HA-DDX24 (red). Cell nuclei were stained with DAPI (blue); Htt103Q-EGFP was de-
tected by its EGFP-tag (green). (C)  PC12 cells transfected with pc-myc-DDX24 and pTL1-HA-FADD and induced 
for 72 h by muristerone. Cells are stained with anti-Myc/anti-mouse-Cy5 and anti-HA/anti-rabbit-Cy3 antibodies to 
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detect Myc-DDX24 (cyan) and HA-FADD (red). (D) PC12 cells were transfected with pTL1-HA-FADD and carrier 
DNA and induced with muristerone for 72 hours. HA-FADD is visualized with anti-HA/anti-rabbit-Cy3. Cells were 
additionally incubated with anti-Myc/anti-mouse-Cy5 for analysis of the background Cy5-signal.  Color code in all 
panels: DAPI: blue; Htt103Q-EGFP: green; Myc-FADD/Myc-DDX24: Cy5, cyan; HA-DDX24/HA-FADD: Cy3, red. 
Exposure times (A)/(B): DAPI 120/110 ms, Htt103Q-EGFP 67/147 ms, Myc-FADD-Cy5 22/28 ms, HA-DDX24-
Cy3 754/457 ms. Exposure times (C)/(D): DAPI 66/98 ms, Htt103Q-EGFP 1499/41 ms, Myc-DDX24-Cy5/carrier 
5/176 ms, HA-FADD-Cy3 2412/1409 ms. DDX24 colocalizes with FADD in both combinations with a minimal 
background signal. The DDX24/FADD colocalization is independent of Htt103Q-EGFP protein expression.

2.6.2 	 Overexpression of recombinant HA-FADD fusion protein 
increases caspase-3/7, caspase-8 and caspase-9 activity

In the last paragraph, I described the protein-protein interaction between the recombinant pro-
teins DDX24 and FADD, which I was able to confirm in a series of different experiments. To 
investigate whether the interaction between DDX24 and FADD plays a role in the caspase acti-
vation cascade recombinant FADD protein was overexpressed in the mammalian PC12 cell sys-
tem. First, I generated an expression plasmid (pTL1-HA-FADD) allowing expression of the full 
length human FADD protein fused to an N-terminal HA-tag. To do so, I inserted a cDNA frag-
ment coding for the human FADD protein into the pTL1-HA-D48 expression vector using the 
Gateway® shuttling system (Chapter 4.2.1). To demonstrate the overexpression of the recombinant 
HA-FADD protein PC12 cells were transfected with 2 µg of the pTL1-HA-FADD plasmid. Follow-
ing incubation for 48 hours PC12 cells were lysed under native conditions and the total cell extract 
was analyzed for the expression of HA-FADD by SDS-PAGE and Western blotting. For detection 
of the recombinant HA-FADD fusion protein the anti-HA antibody was used (Figure 2.34). The 
HA-FADD fusion protein is well expressed in the PC12 cells, although it shows many smaller 
bands, which might indicate incomplete translation or degradation of the protein.



Results

67

64
49

37

HA-FA
DD

◄

115
82

26

kDa HA-V
ec

tor

Figure 2.34: Western blot analysis of the overexpression of recombinant HA-FADD fusion protein in PC12 cells .
Cells were transfected with 2 µg of the expression plasmid pTL1-HA-FADD or with empty HA-vector in control 
samples. The samples were incubated for 48 hours and subsequently analyzed by SDS-PAGE (12.5 % gel) followed by 
Western blotting. The overexpressed recombinant HA-FADD fusion protein was detected on the membrane with the 
anti-HA antibody. Besides the protein band referring to the full length HA-FADD fusion protein (~29 kDa) many 
smaller bands were detected which may indicate incomplete protein translation or protein degradation.

Next, it was tested whether HA-FADD protein expression influences the activity of caspase-3/7, 
-8 and -9 in Htt103Q-EGFP protein expressing cells. PC12 cells were transfected with 2 µg of 
pTL1-HA-FADD to achieve expression of the recombinant HA-FADD fusion protein and 
control cells were transfected with 2 µg of the empty pTL1-HA-D48 vector. The expression of 
Htt103Q-EGFP was induced for 48 hours by muristerone addition. As a control non-induced 
PC12 cells were also transfected with the pTL1-HA-FADD expression plasmid or the pTL1-HA-
D48 empty vector.  The effect of HA-FADD protein overexpression on the activity of caspase-3/7, 
caspase-8 and caspase-9 was analyzed using the standard assays (Chapter 4.2.3). The obtained 
caspase activities were normalized using the viability rates monitored in the same samples by the 
resazurin conversion assay (Chapter 4.2.3). The relative caspase activity signals were subsequently 
normalized to the signals detected in PC12 cells that were transfected with pTL1-HA-D48 but did 
not express recombinant Htt103Q-EGFP fusion protein (Figure 2.35).

I observed that the activity of caspase-3/7 was increased by the overexpression of recombinant 
HA-FADD fusion protein compared to the activity detected in the controls that were transfected 
with the empty vector pTL1-HA-D48. This effect was observed in PC12 cells overexpressing 
Htt103Q-EGFP as well as in cells that did not express the Htt protein, although the caspase-3/7 
signals detected in non-induced cells were much lower than those of Htt103Q-EGFP protein 
expressing cells (Figure 2.35 A). As caspase-8 is the initiator for caspase-3/7, the overexpression of 
the HA-FADD fusion protein should also increase the activity of caspase-8. PC12 cells expressing 
recombinant HA-FADD indeed showed increased caspase-8 activity compared to cells transfected 
with the empty expression vector pTL1-HA-D48 both in the presence (250 %) and absence (130 %) 
of Htt103Q-EGFP expression (Figure 2.35 B). The caspase activity obtained in the control cells 
that did not express Htt103Q-EGFP was however lower than those in Htt103Q-EGFP expressing 
cells. Next, the effect of recombinant HA-FADD protein expression on the activity of caspase-9 
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was analyzed. Caspase-9 acts downstream of caspase-8 within the caspase cascade and can be 
indirectly modulated by the protein FADD. Similar to the activity of caspase-8, the overexpression 
of the HA-FADD fusion protein resulted in an enhanced caspase-9 activity in comparison to the 
control cells which were transfected with pTL1-HA-D48. As seen for caspase-3/7 and caspase-8 
the activity of caspase-9 was higher in PC12 cells expressing Htt103Q-EGFP than in non-induced 
control cells (Figure 2.35 C). 

In summary, overexpression of recombinant HA-FADD fusion protein results in an overall increase 
of caspase activity in both, presence and absence of Htt103Q-EGFP. The highest caspase activities 
were detected in PC12 cells expressing both proteins HA-FADD and Htt103Q-EGFP.  This indicates 
that overexpression of HA-FADD increases caspase-mediated apoptosis synergistically with 
mutant Htt expression.
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Figure 2.35: FADD overexpression increases Htt103Q-EGFP-induced caspase activity. PC12 cells were trans-
fected with either pTL1-HA-FADD for the expression of recombinant HA-FADD fusion protein or with the empty 
expression vector pTL1-HA-D48. After induction of Htt103Q-EGFP protein overexpression for 48 hours the 
activities of caspase-3/7, -8 and -9 were analyzed. As controls non-induced cells transfected with pTL1-HA-FADD 
or pTL1-HA-D48 were analyzed. The relative caspase activities were normalized to the activities detected in non-
transfected cells which do not express Htt103Q-EGFP. (A) Overexpression of recombinant HA-FADD fusion protein 
leads to increased caspase-3/7 activity (induced :1800 % vs. 1300%, p<0.005, n=3; non-induced: 240 % vs. 100 %). 
(B) Increased caspase-8 activity (induced: 250 % vs. 190 %, p<0.001, n=3; non-induced:130 % vs. 100 %) was also de-
tected when the proteins HA-FADD and Htt103Q-EGFP were coexpressed. (C) Expression of Htt103Q-EGFP leads 
to an increase in caspase-9 activity (induced 300% vs. 230 %, p<0.001, n=3; non-induced120 % vs. 100 %) which is 
additionally enhanced by the coexpression of recombinant HA-FADD fusion protein.
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2.6.3	 FADD and DDX24 synergistically modulate caspase activation by 
mutant Htt

I could show that the overexpression of the HA-FADD fusion protein as well as the silencing 
of endogenous DDX24 protein increased the caspase activity induced by the expression of 
Htt103Q-EGFP protein. Moreover, the interaction between DDX24 and FADD could be con-
firmed by expression of the fusion proteins in mammalian cells using various detection methods 
(see Chapter 2.6.1). With regard to these findings it is plausible to assume that DDX24 mediates 
caspase activation via interaction with FADD.

In order to further characterize the relation of DDX24 and FADD concerning the activation 
of the caspase cascade an experiment was performed in which PC12 cells were co-transfected 
with siDDX24_1&_4 for DDX24 protein knock-down and pTL1-HA-FADD plasmid for over-
expression of the HA-FADD fusion protein. As controls PC12 cells were either transfected with 
siDDX24_1&_4 and pTL1-HA-D48 to achieve protein knock-down in the absence of HA-FADD 
overexpression or with siGLOred and pTL1-HA-FADD to study the effect of HA-FADD overex-
pression in the absence of DDX24 knock-down. Additionally, the cells were induced for 48 hours 
by muristerone addition for expression of Htt103Q-EGFP protein. Cells co-transfected with non-
targeting siGLOred siRNA and the empty vector pTL1-HA-D48 were analyzed as double-negative 
controls. Caspase-3, -8 and -9 activities were normalized to cell numbers using the resazurin 
viability assay (Chapter 4.2.3). The relative caspase activities were normalized to those in control 
cells transfected with siGLOred and pTL1-HA-D48. In accordance with the previously described 
experiments both, the overexpression of recombinant HA-FADD as well as the protein knock-down 
of endogenous DDX24, enhanced the activity of caspase-3/7 and caspase-8 in Htt103Q-EGFP 
expressing cells (Figure 2.36 A & B). Simultaneous overexpression of HA-FADD and DDX24 
knock-down in the same cells resulted in an amplification of caspase-3/7 and caspase-8 activity 
compared to cells either overexpressing HA-FADD or only containing reduced DDX24 protein 
levels (Figure 2.36 A & B). The activity of caspase-9 was increased in PC12 cells overexpressing 
the HA-FADD fusion protein and in cells with reduced DDX24 protein levels. However, compared 
to untreated controls no further activation was observed in cells which express the recombinant 
HA-FADD protein and have reduced levels of the DDX24 protein (Figure 2.36 C). This indi-
cates that FADD and DDX24 synergistically modulate mutant Htt-induced toxicity and supports 
the hypothesis that DDX24 influences mutant Htt-induced toxicity via the caspase-8 mediated 
apoptosis pathway through its interaction with FADD.



Results

71

Figure 2.36: Overexpression of HA-FADD protein with simultaneous DDX24 protein knock-down results in 
additive enhancement of caspase activity in mammalian cells
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. PC12 cells were induced for Htt103Q-EGFP 
expression and transfected with siDDX24_1&_4 and pTL1-HA-FADD for endogenous DDX24 protein silencing 
with overexpression of HA-FADD protein. The corresponding controls were transfected with siDDX24_1&_4 and 
the empty vector pTL1-HA-D48. Other samples were treated with siGLOred and pTL1-HA-FADD to express re-
combinant HA-FADD protein or with pTL1-HA-D48 serving as double-negative control. Caspase activation was 
determined using the standard activity assays and the relative activities were normalized to the signals obtained in the 
negative control. (A) & (B) The simultaneous protein knock-down of DDX24 with the overexpression of recombinant 
HA-FADD results in an amplified activation of caspase-3/7 (p<0.001, n=3) and caspase-8 (p<0.001, n=3) compared 
to samples either treated with DDX24 specific siRNA siDDX24_1&_4 or the expression plasmid pTL1-HA-FADD 
(p<0.001, n=3). Cells either expressing the HA-FADD fusion protein or containing reduced DDX24 protein levels 
show enhanced caspase activation compared to the negative control. Lower signals were observed in cells co-trans-
fected with pTL1-HA-FADD and siDDX24_1&_4. (C) Analysis of caspase-9 revealed an activity increase in cells 
expressing recombinant HA-FADD protein and having reduced DDX24 protein levels. However, the simultaneous 
expression of HA-FADD and knock-down of DDX24 did not further increase caspase-9 activity. 
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Chapter 3 

Discussion

Huntington’s disease is like other neurodegenerative disorders such as Alzheimer’s disease (AD) 
or Parkinson’s disease (PD) characterized by severe neuronal death resulting in atrophy in the 
striatal region and the cerebral cortex (Vonstattel et al., 1985). Cell death in striatal neurons is a 
consequence of cytotoxicity and enhanced apoptosis induced by mutant Htt protein. A main focus 
of drug development research therefore is the ambition to find treatments to impede neuronal 
degradation preferably before onset of the disease and manifestation of symptoms. One possible 
strategy to address this aim is to inhibit the aggregation of neurotoxic mutant Htt. Many studies 
published within the last years focused on aggregate formation since cytotoxicity is regarded as 
a secondary effect resulting as a consequence of aggregation. Recent studies mostly used small 
molecule screening approaches to identify molecules which are able to modulate aggregation 
or clearance pathways (Sarkar et al., 2007; Desai et al., 2006; Coufal et al., 2007). An alternative 
strategy is to inhibit signaling pathways by which mutant Htt confers toxicity. This could be attained 
by activation or inactivation of molecular modulators of apoptosis and/or survival pathways.

Protein misfolding and the resulting aggregation of proteins causes toxicity by the activation of 
cellular signaling pathways. Previous studies demonstrated the interaction of mutant Htt with a 
wide range of proteins involved in many different cellular processes (Goehler et al., 2006; Kalten-
bach et al., 2007). As a consequence of mutant Htt expression numerous genes are transcriptionally 
dysregulated, which has been shown in cell and animal models of HD as well as in HD patients 
(Kita et al., 2002; Sipione et al., 2002; Wyttenbach et al., 2001; Apostol et al., 2006; Lee et al., 2007; 
Runne et al., 2008; Luthi-Carter et al., 2000; Crocker et al., 2006; Kuhn et al., 2007; Brochier et al., 
2008; Lorincz and Zawistowski, 2009; Lovrecic et al., 2009; Anderson et al., 2008; Hodge et al., 
2006; Borovecki et al., 2005). This implicates an important role of genetic modifiers in the patho-
genesis  of HD. Identification of these modifiers and their particular mechanism of action can shed 
light on the disease mechanisms offering new opportunities for therapeutic interventions. 

Within the past years several groups focused on genome wide aggregation and toxicity modifier 
screens using various model systems (Willingham et al., 2003; Nollen et al., 2004; Kaltenbach et al., 
2007). In these models mutant Htt is expressed with a simultaneous down-regulation or an overex-
pression of the genetic modifier orthologue in the respective model organism in order to investigate 
their effect on aggregation and toxicity. Some of the functional classes and biological mechanisms 
identified in these screens were consistent for different polyQ disorders, including genes involved 
in protein folding and degradation, transcriptional regulation, translation and RNA metabolism 
(Kazemi-Esfarjani and Benzer, 2000; Nollen et al., 2004; Bilen and Bonini, 2007). Interestingly, 
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many modifiers involved in RNA-metabolism were found in polyQ toxicity and aggregation 
screens, but hardly in screens focusing on other (non-polyQ) neurodegenerative disorders, e. g. 
Parkinson’s disease (van Ham et al., 2009) which allows the conclusion that a polyQ specific toxicity 
mechanism exists. Furthermore, a very recent study revealed that some modifiers are particularly 
specific for certain polyQ proteins (Branco et al., 2008). Within this study J. Branco and colleagues 
compared the effect of modifiers on Htt and Ataxin-1 induced toxicity. They found several proteins 
exclusively modulating Ataxin-1 toxicity, such as heat-shock RNA ω (Hsrω) or Nucleoporin-44A 
(Nup44A). Moreover, they identified other proteins which modulate Htt and Ataxin-1 toxicity but 
in opposite ways such as AKT1. They demonstrated e.g. that AKT1 enhances Ataxin-1 induced 
toxicity but suppresses the toxicity of mutant Htt (Branco et al., 2008).

To put the results of Htt toxicity and aggregation modulator screens into context, the identified 
protein “hits” can be linked to other types of screening experiments such as disease related changes 
of gene expression patterns. The identified modifier proteins can then be linked with each other 
and with known components of disease-related protein signaling pathways via protein-protein 
network analysis. Such approaches allow a very detailed insight into signaling networks and 
cellular mechanisms contributing to a particular disease, such as HD (van Ham et al., 2009). In 
the future, the detailed knowledge of the cellular processes which are affected in the disease might 
offer a way for therapeutic interventions to specifically target mechanisms in distinct stages of the 
disease development and progression.

Against the background of this systems biology approach which connects the whole network of 
intracellular processes to the pathogenesis of a distinct disease, the present study employs a small 
scale protein modifier screen on Htt-induced cytotoxicity. From the modifiers identified in the 
screen DDX24 was selected to analyze its effect as a toxicity suppressor or enhancer, in detail. The 
study investigated the influence of mutant Htt on intracellular DDX24 expression and, vice versa, 
the influence of DDX24 on the expression and aggregation of mutant Htt. An apoptosis-specific 
protein-protein interaction network analysis linked DDX24 to FADD,  a mediator of caspase activity. 
Focusing on a potential role in the caspase-mediated apoptosis, the interplay between DDX24 and 
its interaction partner FADD was elucidated with regard to Htt-induced caspase activity. Finally, a 
model is proposed, suggesting a protective role of DDX24 on mutant Htt-induced caspase activity 
by inhibiting the death receptor-mediated apoptosis pathway.

The identification of DDX24 as a modulator of mutant Htt-induced toxicity, its characterization 
as a toxicity suppressor and the suggested mechanism by which it mediates the extrinsic apoptosis 
pathway shall be discussed in detail.
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3.1 	 Identification of DDX24 as a modulator of mutant Htt-
induced cytotoxicity

In the present study I performed an RNAi screen on 200 proteins suggested to be modifiers of 
mutant Htt-induced toxicity. The potential modifiers were selected according to their intracellular 
function and their potential involvement in HD pathogenesis. A gene onthology analysis (Figure 2.1) 
revealed that the selected modifiers are active in cellular pathways such as protein misfolding and 
degradation, transport, signaling, mitochondrial and RNA metabolism, cellular stress response, 
cell cycle control and apoptosis. The complete list of the selected 200 protein targets including 
annotations can be found in the Appendix. The RNAi screen was performed using a Neuro2a 
cell line which transiently expressed a truncated version of the mutant Htt protein HD320_Q68 
containing a polyQ stretch with a length of 68 glutamines. Expression of the protein results in in-
duction of caspase-3/7 activity (Figure 2.2), which was used as a read-out for mutant Htt-induced 
cytotoxicity. Simultaneously to the expression of the mutant Htt protein the particular target 
modifiers were silenced by RNAi using specific siRNA pools. The screen identified a total number 
of 13 reproducible genetic modifiers, which influenced mutant Htt-induced caspase activity. The 
screening hits were classified into toxicity suppressors (Table 2.1) and toxicity enhancers (Table 2.2), 
depending on whether their downregulation increased or lowered Htt-induced caspase activity 
(Chapter 2.1.1., Figure 2.5). Seven targets were identified as toxicity suppressors (MAD2L1, IMMT, 
TARBP1, TARBP2, SQSTM1, ARPC1B, NR4A1), while six were found to be toxicity enhancers 
(PFN2, RNF146, CEP1, DDX24, MAP3K11, SH3GL1). 

The majority of these toxicity modifiers are involved in cellular processes which were previously 
shown to be directly or indirectly affected in HD. Two of the modifiers are linked to HD by direct 
interaction with Htt. The inner mitochondrial membrane protein IMMT was found to interact 
with Htt in a pull-down screen by L. Kaltenbach and colleagues (Kaltenbach et al., 2007). In a very 
recent study PFN2 was identified as an inhibitor of Htt aggregation by directly binding to Htt 
(Shao et al., 2008). The CEP1 gene product is involved in SNARE mediated vesicle fusion (Grom-
ley et al., 2005) and other proteins acting in this process have been demonstrated to influence 
mutant Htt toxicity in Drosophila (Kaltenbach et al., 2007). 

Several identified modifiers might exert an indirect influence on mutant Htt. The protein coded 
by SQSTM1 acts in NF-kappaB signaling as a ubiquitin binding protein. It was found to colocal-
ize with neurofibrillary tangles and Lewy bodies in neurons from Alzheimer’s and Parkinson’s 
disease patients (Zatloukal et al., 2002). NR4A1 acts as steroid receptor and recent studies have 
demonstrated steroid receptors to be impaired in HD (Hoon et al., 2006; Schiffer et al., 2008; 
Chandra et al., 2008). The signaling proteins endophilin-A2 (SH3GL1) and MAP3K11 are linked 
to HD as well. Members of the Endophilin family were found to interact with Htt modulating 
its toxicity in yeast (Ralser et al., 2005). MAP3K11 acts in the JUN N-terminal pathway, which 



Discussion

76

is implicated to be important for Htt toxicity (Liu et al., 2000; Merienne et al., 2003; Perrin et al., 
2008). The transcription regulator TARBP2 regulates PKR activation which is increased in HD and 
other neurodegenerative disorders contributing to transcriptional dysregulation and extrastriatal 
degeneration (Peel et al., 2001; Peel, 2004; Bando et al., 2005).

One interesting group of modifiers (TARBP1, TARBP2 and DDX24) is involved in 
RNA-metabolism including regulation of transcription/translation (Wu-Baer et al., 1995; 
Gatignol et al., 1991; Haase et al., 2005). mRNA-metabolism was found to be a molecular process, 
which is specifically involved in polyQ disorders (van Ham et al., 2009). Unlike TARBP1 and 
TARBP2, the intracellular function of DDX24 is not clearly determined yet. In the RNAi screens 
performed in the present study DDX24 was reproducibly identified as a toxicity modifier (three 
positives; Table 2.2). The protein belongs to the DEAD-box protein family which facilitates cellu-
lar RNA-metabolism processes such as transcription, translation, RNA transport and RNA decay, 
just to mention a few (Linder, 2006). The DEAD-box protein family is characterized by a highly 
conserved domain structure which is required for RNA-binding and ATP hydrolysis. Only little is 
known about the role of this protein family in the context of neurodegenerative disorders (Crock-
er et al., 2006), but some family members such as DDX5 (p68) and DDX3 have been previously 
demonstrated to be involved in apoptosis and survival signaling (Rossow et al., 2003; Wilson et al., 
2004; Bates et al., 2005; Li et al., 2006). 

RNA binding proteins were previously identified as an important group of toxicity modulators 
in HD (Wyttenbach et al., 2001; Kita et al., 2002) as discussed above. Furthermore, DEAD-box 
proteins were found to be involved in apoptosis regulation (Rossow et al., 2003; Wilson et al., 2004; 
Bates et al., 2005; Li et al., 2006). These findings accompanied by the highly reproducible outcome 
of DDX24 as a toxicity modulator and the limited knowledge about the role of DEAD-box protein 
family members in neurodegenerative disorders prompted me to further investigate DDX24. For 
this purpose I used HD model systems such as a transiently transfected Neuro2a cell line, two 
stably transfected PC12 cell lines and a transgenic HD mouse model.

3.2	 Cellular models for mutant Htt-induced caspase activation

3.2.1	 Mammalian cell models to monitor cellular toxicity of mutant Htt  

While a Neuro2a cell line was used to perform the RNAi screens to identify protein modulators of 
Htt-induced toxicity (Chapter 2.1), variations in the experimental reproducibility were observed 
during the screening process. These were likely caused by differing transfection efficiencies in the 
experiments. Thus, I decided to use a PC12 cell model in which Htt is stably transfected to verify 
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the results I obtained in the Neuro2a cells regarding the identification of DDX24 as a Htt toxicity 
modulator and to investigate its role in mutant Htt-induced caspase activity in detail.

The PC12 cells express a truncated N-terminal fragment of Htt exon1 (Htt25Q-EGFP or 
Htt103Q-EGFP) after induction with muristerone. Both proteins consist of the amino acids 1 to 17, 
the polyQ-repeat region with 25 or 103 glutamines, respectively, and are fused to a C-terminal 
EGFP-tag (Apostol et al., 2003; Figure 2.6). Htt103Q-EGFP expressed in these cells was previously 
demonstrated to form aggregates which can be detected by a filter retardation assay (Figure 2.8) 
and by fluorescence microscopy (Figure 2.9). By contrast, Htt25Q-EGFP does not aggregate and is 
diffusely distributed in the cell body (Figure 2.8 and 2.9).

3.2.2	 Htt103Q-EGFP increases caspase-3/7, caspase-8 and caspase-9 
activity in PC12 cells

The PC12 cell line was created by B. Apostol and colleagues in 2003. In their study they demonstrated 
that the expression of Htt103-EGFP does not affect the cell viability determined by trypan-blue 
staining, a DNA-fragmentation assay and a metabolic viability test (Apostol et al., 2003). In a later 
study, however, they found that caspase-3 is upregulated and activated in Htt103Q-EGFP express-
ing cells (Apostol et al., 2006). In my study three members of the caspase family were tested for 
their activation in cells expressing Htt103Q-EGFP, namely caspase-3/7, caspase-8 and caspase-9. 
In agreement with the findings by Apostol and colleagues I could demonstrate that Htt103Q-
EGFP expression indeed induces caspase-3/7 activity, while the expression of Htt25Q-EGFP has 
no effect (Figure 2.10 A). A similar result could be obtained for caspase-8 which is activated in 
cells expressing Htt103Q-EGFP (Figure 2.10 B and 2.16), but not in Htt25Q-EGFP expressing cells 
(Figure 2.10 B). In addition, I could demonstrate that caspase-9 activity is induced by recombinant 

Htt103Q-EGFP expression (Figure 2.16).

Caspase-8 activation

Several studies have demonstrated that caspases are activated in the brain of HD patients 
(Vis et al., 2005; Kiechle et al., 2002) such as caspase-3, -8 and -9, which were analyzed in the 
present study. Htt was found to induce the activity of these proteases via various mechanisms. In 
2000, A. Hackam and colleagues demonstrated that Htt influences the activity of caspase-8 and 
subsequently of caspase-3 via its interaction with HIP1 (huntingtin interacting protein 1) in cell 
culture models (Hackam et al., 2000). Free HIP1 was found to interact with HIPPI (HIP1 interact-
ing protein) resulting in a complex formation followed by recruitment and activation of caspase-8 
(Chapter 1.1.8). This leads to activation of the downstream effector caspase-3, eventually resulting 
in apoptosis via the extrinsic pathway. In the non-disease state HIP1 is bound by wild-type Htt 
which prevents the formation of the caspase-8 activating HIP1/HIPPI complex. Mutant Htt can 
also bind HIP1 but with lower binding affinity than the wild-type protein facilitating the liberation 
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of free HIP1 and the formation of the HIP1/HIPPI complex (Gervais et al., 2002). Moreover, the 
HIP1/HIPPI complex is assumed to translocate into the nucleus where it interacts with the puta-
tive promoters of caspase-1, caspase-8 and caspase-10, increasing the expression of the caspase 
genes (Majumder et al., 2007a; 2007b). Free HIP1 also acts as a pro-apoptotic factor by itself, trig-
gering apoptosis following the intrinsic pathway (Hackam et al., 2000; Choi et al., 2006), which 
might result in the activation of caspase-3. 

Caspase-9 activation

Besides the induction of caspase-8 activity mutant Htt was demonstrated to influence the activity of 
caspase-9. In 2001, it was shown that overexpression of wild-type Htt results in reduced caspase-9 
and caspase-3 activation after apoptotic stimulation in cell culture models (Rigamonti et al., 2001). 
Wild-type Htt supposably blocks the formation of the apoptosome complex (see Chapter 1.2.2; 
Rigamonti et al., 2001). In contrast, overexpression of mutant Htt resulted in an increased 
activation of caspase-9 and -3 (Rigamonti et al., 2001). Moreover, mutant Htt was found to 
impair the mitochondrial function by direct binding to the mitochondrial membrane (Choo 
et al., 2004; Panov et al., 2002), triggering membrane depolarization. It also indirectly induces 
membrane depolarization by transcriptional dysregulation of proteins involved in the respira-
tory chain and mitochondrial death signaling (Bae et al., 2005; Cui et al., 2006). All three mecha-
nisms lead to a release of cytochrome c, formation of the apoptosome complex and activation 
of caspase-9, and subsequently of caspase-3 (Zeron et al., 2004; Green and Reed, 1998). In an 
apoptosome independent pathway cytosolic caspase-9 (caspase-3) is activated in the misfolded 
protein response pathway as a result of ER stress, which is induced by mutant Htt accumulation 
(Morishima et al., 2002; Rao et al., 2002).

Caspase-3 activation

In addition to its influence on the initiator caspases (caspase-8 and -9) which indirectly leads to 
caspase-3 activation,  Htt was also demonstrated to directly modulate the activity of the effector 
caspase-3. A recent study by Y. Zhang and colleagues demonstrated that wild-type Htt binds to 
active caspase-3 and inhibits its proteolytic activity. Mutant Htt was found to bind caspase-3 as 
well, but with a much lower affinity, resulting in higher levels of active caspase-3 and cell death 
(Zhang et al., 2006). Moreover, caspase-3 expression was demonstrated to be upregulated and 
activated in the PC12 cell model which was applied in this present study (Apostol et al., 2006).

My findings that the caspases-3/7, -8 and -9 are activated in PC12 cells expressing Htt103Q-EGFP 
are in agreement with the observations presented in the literature. The PC12 cells thus model the 
key aspects of mutant Htt-induced activation of caspase-8 and -9 as well as caspase-3. It should 
thus be an appropriate system to study the mechanism of DDX24-mediated Htt toxicity.
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3.3	 DDX24 mediates mutant Htt-induced caspase activation

3.3.1	 Knock-down of DDX24 increases mutant Htt-induced caspase-3 
activity

In the apoptotic signaling cascade caspases are activated as a result of particular stimuli 
(Earnshaw et al., 1999). Mutant Htt directly influences the activation of caspases and some of the 
apoptotic stimuli as described in the previous paragraph (Apostol et al, 2006; Gervais et al., 2002; 
Rigamonti et al., 2001; 2000; Zhang et al., 2006; Chapter 3.2.2). In this study I first focused on the 
activation of caspase-3 which serves as an effector caspase mediating cell death in both, the ex-
trinsic and the intrinsic apoptosis pathway (Cryns and Yuan, 1998; Chapter 1.2.3). I discovered an 
enhancing effect of DDX24 silencing on Htt-induced caspase-3 activation in an RNAi experiment. 
When endogenous DDX24 was silenced in PC12 cells expressing Htt103Q-EGFP, an increase in 
caspase-3 activity was obtained in comparison to the controls without DDX24 silencing (Figure 
2.14). A possible problem in this experiment could be a unspecific caspase activation as a result of 
an RNAi off-target effect. Off-target effects are a central problem in using RNAi techniques and 
might occur as a result of the two following mechanisms. On the one hand the double stranded 
siRNAs can activate non-specific cellular innate immune responses, such as the interferon response 
(Bridge et al., 2003; Sledz et al., 2003). On the other hand synthetically produced siRNAs may inad-
vertently show complementarity to other mRNAs of non-target genes (Jackson et al., 2003; 2006).  
Thus, RNAi is not always entirely specific and confirmation of the specificity, and hence the validi-
ty, of the results is an essential part of RNAi experiments. Considering this, I first demonstrated the 
efficiency (Figure 2.11) and specificity of the RNAi-mediated DDX24 knock-down (Figure 2.12). 
As shown in Figure 2.15, I could demonstrate that the effect of DDX24 on Htt-induced caspase ac-
tivity is specific for the expression of the Htt103Q-EGFP protein, since the knock-down of DDX24 
in cells expressing Htt25Q-EGFP did not affect caspase-3 activity. From this result I conclude that 
DDX24 specifically suppresses mutant Htt-induced caspase-3/7 activity.

3.3.2	 Htt-induced caspase-8 and -9 activity is increased by DDX24 
silencing

In order to verify whether the activation of caspase-3 is triggered via the extrinsic (caspase-8 me-
diated) or intrinsic (caspase-9 mediated) apoptosis pathway additional RNAi experiments were 
performed. In PC12 cells expressing Htt103Q-EGFP the effect of DDX24 protein knock-down on 
the activities of caspase-8 and caspase-9 was investigated. Caspase-8 plays a major role in receptor-
mediated apoptosis signaling (extrinsic pathway) and I could demonstrate that PC12 cells express-



Discussion

80

ing Htt103Q-EGFP show significantly increased caspase-8 activity if DDX24 is silenced by RNAi 
(Figure 2.17 A) compared to the controls in which DDX24 protein levels were not reduced. 

A similar effect was obtained for the activation of caspase-9 (Figure 2.17 B) which is a component 
of the apoptosome complex. Caspase-9 is known to be a key player of the mitochondrial (intrinsic) 
apoptosis pathway activating caspase-3 (Chinnaiyan, 1999; Hill et al. 2004; Chapter 1.2.2). In PC12 
cells expressing Htt103Q-EGFP caspase-9 activity was increased by endogenous DDX24 protein 
silencing.  These results suggest that activation of caspase-3 by DDX24 is not exclusively mediated 
through the extrinsic or the intrinsic pathway but that both contribute to caspase-3 activation. A 
crosstalk between extrinsic and intrinsic apoptosis signaling is mediated by cytosolic BID, which 
is proteolytically cleaved into tBID by active caspase-8. Activated tBID subsequently translocates 
to the mitochondrial membrane and initiates the intrinsic pathway (Esposti, 2002; Chapter 1.2.1). 

Silencing of DDX24 led to increased caspase activity in the presence of mutant Htt, but the 
toxicity did not increase in the absence of Htt expression nor in the presence of Htt25Q-EGFP. 
This finding suggests that DDX24 does not act as a direct activator of caspases. Thus, DDX24 
may rather be related to signal transmission than directly activate the caspase cascade. From the 
literature other members of the DEAD-box protein family have been found to play a role in the 
caspase activation cascades. Recent studies suggested RIG-1 (retinoic acid–inducible gene I) also 
termed DDX58 and MDA-5 (melanoma differentiation–associated antigen 5), to be directly in-
volved in the activation of caspase-1 and caspase-3 (Rintahaka et al., 2008). Both act via the mi-
tochondrial antiviral signaling protein pathway which induces activation of caspase-9 and Apaf1 
(Besch et al., 2009). The studies of J. Rintahaka and R. Besch applied protein overexpression or 
activation of RIG-1/MDA-5 to induce the apoptotic pathway, postulating an activating function of 
both proteins (Rintahaka et al. 2008; Besch et al., 2009). In contrast to the activation of caspases by 
overexpression of RIG-1/MDA-5,  the present study suggests an inhibitory function for the DEAD-
box protein DDX24 whose downregulation resulted in an enhanced activity of the caspases.

3.4	 Overexpression of human DDX24 inhibits mutant Htt-
induced caspase activation 

Since RNAi-mediated DDX24 knock-down increased mutant Htt-induced caspase activity, it was 
next investigated whether overexpression of human DDX24 is able to rescue the effect of protein 
silencing. DDX24 was reduced by RNAi in Htt103Q-EGFP expressing cells which were transfected 
with an expression plasmid encoding a human HA-DDX24 fusion protein. Rat and human DDX24 
sequences are sufficiently dissimilar that one of the four siRNAs used in my experiments efficiently 
targeted endogenous rat DDX24 but not the human DDX24 mRNA (Figure 2.19).  Samples only 
treated with DDX24 specific siRNA which were used as controls showed high activities of caspase-3 
and caspase-8 (Figure 2.20). However, in cells additionally expressing HA-DDX24 the toxicity-
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increasing effect of the knock-down was reduced significantly (Figure 2.20). The observation 
that HA-DDX24 overexpression is able to rescue caspase-3/7 and caspase-8 activity strengthens 
the hypothesis that DDX24 influences Htt-induced caspase activity in an inhibitory manner. 
Furthermore, the observations allow the conclusion that DDX24 might primarily mediate Htt-
induced caspase activity via the extrinsic pathway by acting upstream of caspase-8. 

It has been reported in the literature, that DEAD-box proteins can indeed act as negative regulators 
in receptor-mediated apoptosis signaling. Very recently the DEAD-box protein DDX3 was found 
to fulfill an inhibitory function in the extrinsic apoptosis signaling pathway by forming an anti-
apoptotic protein complex at the death receptor (Sun et al., 2008). The formation of this complex 
was demonstrated to prevent activation of caspase-8 (Sun et al., 2008). In a second study GRTH 
(Gonadotropin-regulated testicular helicase; DDX25) was shown to act as a negative regulator of 
the TNFR1 (tumor necrosis factor receptor 1) mediated caspase pathway (Gutti et al., 2008). This 
protein was found to promote NF-kappaB function to control apoptosis in spermatocytes of adult 
mice via transcriptional regulation (Gutti et al., 2008). It seems possible that DDX24 might influ-
ence caspase activation either directly by interactions with other proteins of the caspase signaling 
cascade or indirectly by regulating gene expression of pro- or anti-apoptotic factors.

3.5	 Mutant Htt expression and aggregation induces DDX24 
transcription

The findings discussed in Chapter 3.3 and 3.4 reveal the possibility that DDX24 might act 
protectively in mutant Htt-induced apoptosis signaling. Htt expression and aggregation may thus 
affect the expression of DDX24.

3.5.1	 Mutant Htt expression leads to dysregulated gene expression

Wild-type Htt is known to influence the transcriptional regulation of other genes. The presence of 
mutant Htt leads to transcriptional dysregulation, which is regarded as one of the characteristics 
in HD (Sugars and Rubinsztein, 2003; Cha, 2007; Chapter 1.1.8). Within the past years numer-
ous studies concentrated on the characterization of mutant Htt-induced changes in gene expres-
sion using various HD models such as cell culture systems (Kita et al., 2002; Sipione et al., 2002; 
Wyttenbach et al., 2001; Apostol et al., 2006; Lee et al., 2007; Runne et al., 2008) and transgenic 
HD mice (Luthi-Carter et al., 2000; Crocker et al., 2006; Kuhn et al., 2006; Brochier et al., 2008; 
Lorincz and Zawistowski, 2009). Other groups studied the expression profiles in blood or brain 
material derived from HD patients (Lovrecic et al., 2009; Anderson et al., 2008; Hodge et al., 2006; 
Borovecki et al., 2005). Taken together these studies identified many genes involved with various 
cellular functions that are dysregulated in HD (Cha, 2007).
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The affected physiological functions include changes in genes encoding neurotransmitters and 
receptors such as the dopamine receptors D1 and D2, whose mRNA levels were found to be altered 
in the caudate nucleus of HD brains (Augood et al., 1997; Runne et al., 2008). Moreover, subunits 
of the NMDA glutamate receptors were found to be decreased in the caudate and putamen of HD 
patients (Arzberger et al., 1997) and in HD cell models (Apostol et al., 2006).  Other dysregulated 
genes are involved in transcription regulation such as ARIX (Arix1 homeodomain protein) or TP53 
(p53) (Apostol et al., 2006; Kita et al., 2002); p53 itself regulates expression of genes in apoptosis/
survival. Another group of genes which expression is altered in HD is coding for proteins of the 
ribosomal protein family (Crocker et al., 2006; Kita et al., 2002). Moreover, genes have been identified 
to be dysregulated which encode proteins which are involved in signal transmission. For example 
G-protein signaling proteins (Hodge et al., 2006; Runne et al., 2008; Luthi-Carter et al., 2000) or 
protein kinases such as PKC (protein kinase c) family members were identified (Wyttenbach et al., 
2001; Sipione et al., 2002). Furthermore, expression changes have been found for genes encoding 
proteins involved in intracellular transport and vesicle trafficking such as sortilin1 (SORT1), sirpa 
(SHPS-1) or mitochondrial import receptor subunit TOM70 (TOMM70A) (Wyttenbach et al., 
2001; Sipione et al., 2002). 

In addition, altered gene expression was observed for well known cell death regulators. This includes 
proteins of the inflammatory response signaling like IkappaB-alpa or NF-kappaB binding subunit 
(Apostol et al., 2006; Luthi-Carter et al., 2000). Moreover, the expression of transcription factors 
such as ID1 and p53 which regulate genes of apoptosis/survival pathways like LGADD34, GADD45, 
p21 and 14-3-3 Bcl-2 and BAX have been demonstrated to be altered in HD cell models (Wytten-
bach et al. 2001; Sipione e al. 2002; Apostol 2006 Kim et al., 2007). Furthermore, genes encoding 
proteins which are involved in the apoptotic caspase cascade such as caspase-3 and caspase-2 
have been found to be dysregulated in cell culture models (Apostol et al., 2006).  Interestingly, the 
DEAD-box protein DDX5 (p68) was identified to be upregulated as a consequence of mutant Htt 
expression in mouse striatal tissue (Crocker et al., 2006). DDX5 acts as a co-activator of p53 and is 
involved in the cellular response to DNA damage (Bates et al., 2005; Chapter 3.5.3). 

Importantly, cells were shown to specifically upregulate proteins involved in defense mechanisms 
protecting the cell against Htt-induced cytotoxicity. This includes genes of the cellular stress 
response pathways such as genes of heat-shock response and the unfolded protein response. 
Several molecular chaperones and heat-shock factors such as HSF1, Hsp70, Hsp27, Hsp40 and 
BiP/GRP78 (Westerheide and Morimoto, 2005; Morely et al., 2002; Mu et al., 2008; Apostol et al., 
2006; Runne et al., 2008) have been demonstrated to be upregulated as a result of intracellular pro-
tein aggregation. The increased expression of chaperones confers protection against polyQ toxicity 
(Morley et al., 2002).
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3.5.2	 Expression of mutant Htt increases DDX24 mRNA levels in PC12 
cells

The results obtained from the previously discussed RNAi and toxicty rescue experiments suggest 
that DDX24 might act as a protective factor attenuating Htt-induced cytotoxicity. Following this 
idea, a possible intracellular defense mechanism could be the upregulation of DDX24 to strength-
en its protective influence. In order to observe the effect of mutant Htt expression and aggregation 
on DDX24 transcription, the DDX24 mRNA levels were quantified in the PC12 cell system as 
well as in a HD mouse model. PC12 cells were induced to express Htt103Q-EGFP or Htt25Q-
EGFP protein, respectively, for 48 hours. Relative quantities of endogenous DDX24 transcript 
were determined by real-time PCR analysis. As shown in Figure 2.21, cells expressing Htt103Q-
EGFP possessed ~ 50 % higher DDX24 mRNA levels than the solvent treated controls. In contrast, 
Htt25Q-EGFP expressing cells did not show changes in DDX24 transcription compared to the 
corresponding control (Figure 2.21). 

A gene expression study using a rat genome microarray analysis has been performed previously 
in the same Htt103Q-EGFP expressing PC12 cell line (Apostol et al., 2006). In contrast to the  
present study, B. Apostol and colleagues were not able to identify DDX24 to be upregulated in the 
presence of Htt103Q-EGFP, which can be explained by the lack of DDX24 specific oligonucleotide 
probes on the microarray used in their study. However, they showed changes in genes involved in 
apoptosis signaling, including enhanced expression of the gene coding for caspase-3 which fits 
to my observation that caspase-3 is highly activated in PC12 cells expressing the Htt103Q-EGFP 
protein.

Additionally to DDX24 and DDX5/p68 (Chapter 3.5.3), another RNA binding protein - Rmb3 
(RNA binding motif 3) - has been identified to be dysregulated in PC12 cell culture models of HD 
(Wyttenbach et al., 2001; Kita et al., 2002). Contrary to DDX24 and DDX5, Rmb3 expression was 
found to be downregulated as a result of mutant Htt expression (Wyttenbach et al., 2001; Kita et 
al., 2002). Overexpression of Rmb3 was also shown to reduce Htt-induced apoptosis (Kita et al., 
2002) and the authors therefore conclude a protective function for Rmb3 (Kita et al., 2002). Just 
like DDX24, Rmb3 is assumed to be involved in RNA metabolism, but its intracellular function is 
still unknown. 

3.5.3	 Transgenic HD mice exhibit enhanced DDX24 transcription

The striatal brain region is severely affected by neuronal cell death in HD (Vonsattel et al., 1985). 
Thus, potential changes in DDX24 mRNA were investigated in striatal tissue samples from trans-
genic N171-82Q HD mice by quantitative real-time PCR analysis. In 15 weeks old transgenic mice 
DDX24 mRNA levels were found to be increased by a factor of 1.3 compared to the wild-type 
controls, while the transcript levels did not differ in animals with 6 weeks of age (Figure 2.22).  
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In the year 2000 a comparative study was performed by R. Luthi-Carter and colleagues identifying 
transcriptional changes in the transgenic R6/2 and N171-82Q HD mouse models (Luthi-Carter 
et al., 2000).  In their work mRNA levels of 6000 genes were screened suggesting altered levels of 
proteins involved in signaling pathways such as neurotransmitter release or calcium and retinoid 
signaling (Luthi-Carter et al., 2000). Another study by S. Crocker and colleagues investigated Htt-
induced changes in gene expression patterns in the striatal region of 10 weeks old R6/2 transgenic 
HD mice (Crocker et al., 2006). The study revealed that genes involved in transcription, translation, 
protein synthesis, calcium homeostasis, ATP metabolism and DNA/RNA binding are differently 
expressed in HD mice compared to the wild-type controls (Crocker et al., 2006). Interestingly, the 
study identified the DEAD-box protein DDX5 (p68), which is upregulated in the striatal region of 
R6/2 transgenic mice.

One year before, DDX5/p68 had been discovered to be indirectly involved in apoptosis induction 
by acting as a co-activator of the p53 tumor suppressor (Bates et al., 2005) which in turn induces 
transcription of pro-apoptotic genes such as BAX (see Chapter 1.2.1 and 1.2.2; Vogelstein et al., 
2000). In contrast to the observed effects of DDX24 on the induction of apoptosis shown in the 
present study, RNAi depletion of DDX5/p68 caused a reduction of p53-dependent apoptosis. This 
suggests that DDX5 influences apoptosis by a different mechanism than DDX24.

Thus, DDX24 represents the second member of the DEAD-box protein family whose expression 
is upregulated in the striatum of a transgenic HD mouse model. The gene expression studies 
performed in PC12 cell culture and HD mouse striatal tissue have demonstrated the upregulation 
of DDX24 transcription as a result of mutant Htt expression. Combined with the findings from the 
knock-down experiments and the results obtained in the toxicity rescue experiments, I conclude 
that DDX24 might have a protective function in HD pathogenesis.

No correlation between stress conditions and the expression of other DEAD-box protein family 
members has been found in animals or humans yet. However, in plants upregulation of stress 
responsive DEAD-box helicases has been shown to play an important role in facilitating antibiotic 
stress tolerance by regulating transcription and expression of stress response genes (Vashisht and 
Tuteja, 2006).

3.5.4	 Transgenic N171-82Q mice show reduced DDX24 protein levels

Contrary to the enhanced expression levels of DDX24 transcript in Htt103Q-EGFP expressing 
PC12 cells and in striatal tissues of trangenic N171-82Q mice, no effect on the DDX24 protein 
levels in cells expressing Htt103Q-EGFP could be detected by Western blotting. In brain tissues 
derived from HD transgenic mice even a reduction in the DDX24 protein levels was observed by 
Western blot analysis (Figure 2.23). The reduction of endogenous DDX24 protein levels although 
mRNA levels are increased may have the following reasons. 
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On the one hand, the increased amount of DDX24 protein could be degraded by the 
ubiquitin-proteasome system (UPS) which is activated as a result of mutant Htt expression 
(Díaz-Hernández et al., 2003; Bett et al., 2006). However, the activation of the UPS in HD is 
controversially discussed, since conflicting results have been obtained in studies using different 
HD model systems. The studies of M. Díaz-Hernández and J. S. Bett demonstrated increased 
proteasomal peptidase activities in brain extracts of HD mouse models. By contrast, other groups 
have shown no change in UPS activity by demonstrating that the proteasomal peptidase activities 
do not differ in cells expressing protein fragments of mutant or wild-type Htt (Ding et al., 2002). A 
similar lack of UPS upregulation was demonstrated in vulnerable neurons of a HD mouse model 
(Bowman et al., 2005). Other groups have found a decrease in proteasome activity in response to 
mutant Htt expression giving evidence for an impairment of the UPS in HD. Studies in the labs of 
R. Kopito and N. Nukina showed that transiently expressed mutant Htt caused inhibition of the 
ubiquitin-proteasome system in cell culture (Bence et al., 2001; Jana et al., 2001; Chapter 1.1.7). 

Another explanation for the reduced amounts of DDX24 protein detected by Western blotting is 
an increase in the proteolytical cleavage of DDX24 resulting in reduced levels of full size DDX24 
protein. This hypothesis might be supported by the fact that DDX24 contains a potential caspase-3 
cleavage site. Caspase-3 is able to cleave substrates at a DXXD-like amino acid sequence and was 
shown to cleave the RB (retinoblastoma) protein at a sequence DEAD (Asp-Glu-Ala-Asp) (Jänicke 
et al., 1996) which corresponds to the name giving ATP binding motif II in the DEAD-box protein 
family members (Chapter 1.4; Figure 1.5 and 1.6). Two studies addressing the function of DEAD-
box protein 3 (DDX3) obtained a cleavage product as a result of apoptosis activation (Li et al., 2006; 
Sun et al. 2008). Thus, one can speculate that this might also apply to other DEAD-box proteins 
acting in caspase activation pathways. Following this hypothesis DDX24 could be a substrate for 
activated caspase-3 and might be cleaved and degraded under stress conditions such as the expres-
sion of mutant Htt. However, I did not detect additional cleavage bands on the immuno blot of 
PC12 cells expressing mutant Htt, thus this hypothesis can currently only be regarded as specula-
tion. 

3.6	 DDX24 does not affect mutant Htt expression and 
aggregation 

The experiments discussed before suggest DDX24 to play a protective role in Htt-induced caspase 
activation. In this context DDX24 might affect two different processes which are implicated in Htt-
induced toxicity. On the one hand DDX24 could play a role as an activator or inhibitor of apoptosis 
pathways induced by mutant Htt.  On the other hand, it may exert influence on mutant Htt itself 
by either modulating the expression of the protein, its aggregation propensities or its degradation. 
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In Chapter 3.6.1 I will discuss the properties of DDX24 regarding Htt expression, aggregation and 
degradation. 

3.6.1	 DDX24 does not influence mRNA transcription of mutant Htt

In a genome-wide RNAi screen for enhancers of protein aggregation in a C. elegans model of 
polyQ disease E. Nollen and colleagues identified modulator proteins which belong to many dif-
ferent cellular pathways such as RNA metabolism, protein synthesis, protein folding and protein 
degradation (Nollen et al., 2006). As DDX24 is a member of the DEAD-box family it is possible 
that it plays a role in regulatory processes of mRNA transcription or translation and protein bio-
synthesis in the ribosome. Acting in one of these processes DDX24 might be able to influence the 
gene expression of mutant Htt. 

Following the process of protein biosynthesis from gene transcription to protein translation I first 
focused on the transcription of the Htt103Q-EGFP mRNA. The regulation of Htt gene expression 
has not been well studied yet. However, a study by Z. Feng and colleagues demonstrated that the 
tumor suppressor p53 activates Htt mRNA transcription under stress conditions (Feng et al., 2006). 
The tumor suppressor p53 itself has been demonstrated to be activated by the DEAD-box protein 
DDX5 (Bates et al., 2005), which was further identified as a protein upregulated in the striatum 
of HD mice (Crocker et al., 2006). This suggests a possible function of DEAD-box proteins in the 
transcriptional regulation of Htt. 

To address the question whether DDX24 influences Htt-induced cytotoxicity by acting as a 
component of the IT15 gene transcription machinery, PC12 cells were induced for Htt103Q-EGFP 
expression and DDX24 was silenced by RNAi. The relative quantities of Htt and DDX24 transcripts 
were determined by real-time PCR analysis. As displayed in Figure 2.24 A, endogenous silencing 
of DDX24 did not reveal significant changes in relative Htt mRNA levels. This result contradicts 
the hypothesis that DDX24 regulates Htt expression by influencing its mRNA transcription.

3.6.2	 Protein expression of mutant Htt is not affected by DDX24

As a second possibility DDX24 might play a role in translation or protein synthesis, thus influencing 
intracellular Htt protein levels. The DDX24 protein contains a RNA binding domain (Zhao et al., 
2000; Chapter 1.4.1) which is characteristic for its protein family (Svitkin et al., 2001; Chapter 1.4). 
Via this domain DDX24 could theoretically bind to mRNA molecules and modulate the translation 
process resulting in altered Htt protein levels. The yeast homologue of DDX24, Mak5, was found 
to be a component of a multiprotein complex facilitating biosynthesis of the 60S ribosome subunit 
(Zagulski et al., 2003), which is in turn obligatory for the biosynthesis of proteins. According to 
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the current state of knowledge modulators of Htt protein biosynthesis are not known from the 
literature.

In order to investigate whether DDX24 influences Htt protein biosynthesis in mammalian systems, 
similar to its homologue Mak5 in yeast, DDX24 was silenced in Htt103Q-EGFP expressing PC12 
cells by RNAi. The Htt103Q-EGFP protein levels were detected by Western blot analysis. As shown 
in Figure 2.24 B, the Htt protein levels in cells silenced for DDX24 expression do not differ from 
those obtained in control cells. From this result can be concluded that DDX24 silencing does not 
affect Htt protein biosynthesis. Thus, DDX24 most likely does not influence the translation Htt 
mRNA. 

3.6.3	 DDX24 does not interact with mutant Htt aggregates

As a third possibility, DDX24 might directly modulate Htt-induced toxicity by influencing its 
aggregation state. In a study by H. Goehler in 2004, GIT1 (G-protein-coupled receptor kinase-
interacting protein 1) was identified as a direct interaction partner of DDX24. Within the same 
study GIT1 was identified as a genetic modifier stimulating Htt aggregation. Moreover, it was 
demonstrated that GIT1 associates with wild-type Htt, colocalizes to mutant Htt aggregates and 
accumulates in inclusion bodies in the brains of a HD mouse model as well as HD patient brains 
(Goehler et al., 2004). Thus, GIT1 might provide a link between Htt and the DEAD-box protein 
and all three proteins might be part of a protein complex modulating mutant Htt aggregation.

An immunofluorescence experiment was performed in PC12 cells in order to investigate the 
possible intracellular interaction of DDX24 with aggregated Htt103Q-EGFP (Figure 2.25). For the 
analysis of the intracellular distribution of DDX24 cells were immunostained for DDX24 and Htt 
inclusions were visualized by excitation of the EGFP-tag of the fusion protein. However, DDX24 
did not colocalize to the Htt103Q-EGFP inclusions (Figure 2.25 upper panel). This result indicates 
that DDX24 does not interact with insoluble mutant Htt aggregates.

3.6.4	 Aggregation of mutant Htt is independent of DDX24 function

A direct protein-protein interaction represents only one possible way for DDX24 to modulate mu-
tant Htt aggregation. From the literature many proteins have been identified to modulate aggrega-
tion without direct binding to Htt. For example heat-shock-factor 1 (HSF1) which regulates heat-
shock protein expression was found to act as a suppressor of polyQ aggregation (Nollen et al., 2004). 
Besides the inhibition of Htt aggregate formation a second way to modulate Htt aggregation would 
be by increasing the clearance and degradation of accumulated Htt from the cell. This can be 
accomplished by proteasomal protein degradation as it was demonstrated for the overexpression 
of the E3-ubiquitin ligase parkin which was found to promote clearance of expanded polyQ 
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proteins by activating the proteasomal degradation machinery (Tsai et al., 2003). An additional 
mechanism to remove accumulated proteins from the cell is the autophagy-mediated clearance. 
In 2006, A. Yamamoto and colleagues identified several proteins in a cell-based functional genetic 
screen which are required for the clearance of mutant Htt aggregates and which are upregulated by 
mutant Htt expression (Yamamoto et al., 2006). In their study they focused on the effect of IRS-2 
(insulin receptor substrate 2), a mediator of the insulin signaling pathway which was identified to 
activate autophagy-mediated clearance resulting in reduction of aggregated Htt without directly 
binding to mutant Htt (Yamamoto et al., 2006). 

In order to investigate whether DDX24 influences mutant Htt aggregation, a time course experiment 
was performed monitoring the progression of aggregate formation in cells endogenously silenced 
for DDX24.  PC12 cells were induced for Htt103Q-EGFP expression and aggregate formation was 
monitored over an incubation time of 72 hours. Simultaneously, endogenous DDX24 protein levels 
were reduced by RNAi. Figure 2.26 shows the amount of Htt aggregates in the cell lysates from 
DDX24 knock-down cells and controls. The amount of aggregates detected was found to be similar 
in all samples independently of the endogenous DDX24 silencing. This result was confirmed by 
analysis of intracellular Htt103Q-EGFP aggregates using fluorescence microscopy (Figure 2.27). 

Summarizing these observations, I can conclude that DDX24 neither affects the expression of the 
Htt103Q-EGFP protein, nor the formation or degradation of aggregates which are detected by 
filter retardation assay or visible under the fluorescence microscope. Thus, the findings suggest 
that DDX24 does not participate in cellular protein degradation processes such as autophagy-
mediated clearance or protein degradation via the UPS pathway. With regard to the colocalization 
study I can further exclude an influence of DDX24 on aggregation (and subsequently on Htt-
induced cytotoxicity) via a direct interaction with Htt103Q-EGFP.

From this I assume that DDX24 influences Htt-induced caspase activity by a process which is 
independent of Htt expression and the formation of aggregates or their degradation. Thus, I sub-
sequently investigated the hypothesis that DDX24 influences mutant Htt-induced cytotoxicity 
downstream of Htt expression and aggregation by mediating the signaling pathways that lead to 
caspase activation and apoptosis.

3.7 	 Interaction of DDX24 with the apoptosis mediator FADD

To better understand the function of uncharacterized proteins it is often useful to identify interaction 
partners which may provide a link between the protein of interest and cellular processes and path-
ways. In this study, I performed a search for DDX24 interaction partners using the UniHI data-
base (Chaurasia et al., 2007; 2009; Figure 2.28). I found a direct interaction between DDX24 and 
the apoptosis mediator FADD, which acts as an adaptor protein at the death receptor, mediating 
apoptosis via activation of caspase-8 in the extrinsic apoptosis signaling pathway (Chapter 1.2.1; 
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Figure 1.3). Since DDX24 was found to influence Htt-induced caspase-8 and caspase-3 activation, 
I hypothesized that the modulating effect might be mediated via the interaction with FADD. To 
confirm the interaction between DDX24 and FADD several independent methods were applied. 
First, I performed a co-immunoprecipitation (Co-IP) experiment in HEK293 cells (Chapter 
2.6.1; Figure 2.29). The postulated interaction between DDX24 and FADD was confirmed by 
immunoblotting. Next, I used the LUMIER method (description see Chapter 4.2.2) to validate 
the binding of DDX24 and FADD (Figure 2.30). Furthermore, I analyzed the interaction by FRET 
assay (Figure 2.32; Chapter 4.2.3) using DDX24 and FADD ECFP- and EYFP-fusion proteins. 
Finally, I confirmed the interaction between DDX24 and FADD by overexpression of both proteins 
as HA- and Myc-fusions in PC12 Htt103-EGFP cells and immunofluorescence staining. The stain-
ing revealed a colocalization of the proteins in presence and absence of Htt103Q-EGFP protein 
(Figure 2.33). I found that all methods confirmed the interaction between DDX24 and FADD, 
supporting the hypothesis that DDX24 might mediate caspase activation via  an interaction with 
FADD.

FADD is known to be a key player in death receptor-mediated apoptosis signaling as described in 
Chapter 1.2.1. After activation of the death receptor, FADD is bound as an adaptor protein to the 
intracellular death domain of the receptor and thereby mediates the formation of the death in-
ducing signaling complex DISC and activation of caspase-8 (Figure 1.3). The interaction between 
DDX24 and FADD suggests that DDX24 might influence the formation of the DISC complex. 
With regard to the finding that endogenous DDX24 silencing induces activity of caspase-8 in the 
presence of mutant Htt, I hypothesize an inhibitory function of DDX24 on the transmission of the 
apoptosis signal from the death receptor via binding to FADD. A competitive binding of DDX24 to 
FADD could either prevent the recruitment and binding of FADD to the death domains or impede 
binding and activation of caspase-8.

A similar function has been reported in the literature for the DEAD-box protein DDX3. DDX3 
impedes TRAILR2 receptor-mediated apoptosis in resistant cancer cells by direct association with 
the death receptor, preventing the recruitment of FADD and caspase-8 (Li et al., 2006). However, 
when caspase-8 is activated DDX3 gets cleaved and dissociates from the receptor. Cleavage of 
DDX3 then further induces the caspase cascade, leading to a positive feedback loop in apoptosis 
regulation (Li et al., 2006). In a very recent study M. Sun and colleagues could demonstrate that 
the inhibitory effect of DDX3 can be extended to each of the four major death-inducing receptors 
(TRAILR1, TRAILR2, TNFR1 and FAS). Furthermore, they found that DDX3 forms an anti-
apoptotic complex at the death receptor including GSK3 (Glycogen synthase kinase-3) and cIAP-
1 (cellular inhibitor of apoptosis protein-1). This complex is assumed to inhibit formation of the 
DISC complex and activation of caspase-8 (Sun et al., 2008). In their study M. Sun and colleagues 
demonstrate that the stimulation of the death receptor abrogates the anti-apoptotic complex by 
inactivation of GSK3 and cleavage of DDX3 and cIAP-1, allowing the apoptotic signaling cas-
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cade to proceed. Moreover, they show siRNA-mediated DDX3 knock-down to enhance capase-3 
activity. 

In my study caspase activation was initiated by the expression of mutant Htt. This is different 
to the study of M. Sun in which caspase-8 activity was triggered by stimulation of the death 
receptors. However, the effects of DDX24 on caspase activity are similar between DDX24 and 
DDX3. Endogenous DDX24 silencing resulted in increased caspse-8 and caspase-3/7 activity 
(Figure 2.17 and 2.14) which can be partially rescued by overexpression of the human DDX24 
protein (Figure 2.20). Furthermore, DDX24 interacts with the apoptosis mediator FADD 
(Figure 2.29/2.30 and 2.32/2.33), which suggests that it may influence its function in mediating 
apoptosis.

3.7.1	 The role of death receptors in neurodegenerative disorders

The DDX24 interaction partner FADD is crucial for death receptor-mediated apoptosis (Figure 1.3; 
Chapter 1.2.1). The role of death receptor-mediated apoptosis in HD is not well studied yet, but 
there are some findings which might elucidate the connection between mutant Htt expression and 
receptor-mediated apoptosis.

Several studies have shown that expression and aggregation of mutant Htt changes the expression 
pattern of apoptosis related proteins (Apostol et al. 2006; Sipione et al., 2002; Wyttenbach et al., 2001). 
Interestingly, this group includes proteins which are related to receptor-mediated to apoptosis sig-
naling. In a study published in 2000 I. Ferrer and colleagues demonstrate reduced protein levels 
of FAS and FasL in caudate nucleus and putamen of HD patients (Ferrer et al., 2000). However, 
in a very recent study upregulation of the death receptor FAS was detected in blood and brain 
samples of HD patients (Anderson et al., 2008). Furthermore, a study published in 2005 revealed 
the upregulation of other members of the tumor necrosis factor receptor (TNFR) superfamily 
in HD patients blood (Borovecki et al., 2005). This points to a role of death receptor-mediated 
apoptosis signaling in HD pathogenesis. Additionally, changes in the gene expression levels of the 
FAS receptor ligand FasL have been demonstrated to occur in other neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s disease. Two studies have demonstrated an increased expres-
sion of FasL in cultured neurons as well as in brains of AD patients (Morishima et al., 2001; Su et al., 
2003). In addition, the study of Y. Morishima and colleagues demonstrated that the upregulation 
of FasL results in activation of the receptor-mediated apoptosis pathway which contributes to 
neuronal cell death in AD (Morishima et al., 2001). However, contrary observations have been 
made in studies investigating the expression of FAS/FasL in the context of Parkinson’s disease. In 
1996 M. Mogi and colleagues discovered an increase in the expression levels of the soluble FAS 
receptor in the nigro-striatal regions of PD brains (Mogi et al., 1996), but in a later study decreased 
expression levels of FAS and FasL were detected in brain material of PD patients (Ferrer et al., 
2000).
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The dysregulation in gene expression of death receptor superfamily members in HD and other 
neurodegenerative disorders suggests a role of the death receptor-mediated apoptosis signaling 
in the pathogenesis leading to cytotoxicity and neuronal cell death. However, it is unclear today 
whether receptor-mediated apoptosis is activated as a consequence of a primary activation of the 
intrinsic apoptosis signaling or whether it is activated independently.

3.8	 Co-regulation of caspases by DDX24 and FADD

I found that DDX24 inhibits Htt-induced caspase activity in PC12 cells (Chapter 2.2. and 2.3). 
Furthermore, I was able to demonstrate the interaction of DDX24 with the apoptosis mediator 
FADD. Based on these findings, I hypothesize that DDX24 may counteract FADD in maintain-
ing an activation/repression balance regulating apoptosis signaling. In order to investigate this 
hypothesis, simultaneous FADD overexpression and DDX24 RNAi studies were performed in 
the HD PC12 cell system. First of all I tested the effect of FADD overexpression on Htt-induced 
caspase activity. As shown in Figure 2.35, overexpression of the HA-FADD fusion protein results 
in increased activity of caspase-3, caspase-8 and caspase-9. This effect is independent of the 
expression of Htt103Q-EGFP. However, the caspase activities in cells expressing high amounts 
of mutant Htt are much higher than in control cells which were not induced for Htt103Q-EGFP 
expression.  The result obtained in this experiment is consistent with the expectations from 
available literature information since FADD is known to act in a pro-apoptotic fashion facilitating 
caspase-8 autoactivation (Chapter 1.2.1).

To further investigate the hypothesis that DDX24 and FADD interact in order to balance recep-
tor-mediated caspase activation, HA-FADD was overexpressed in PC12 cells in which the DDX24 
protein levels were reduced by RNAi. Figure 2.36 displays the synergistical effect on Htt-induced 
cytotoxicity which results from the HA-FADD overexpression and the reduced intracellular 
DDX24 protein levels. A gain-of-toxicity was observed for the activities of caspase-3 and caspase-8 
which were induced by Htt103Q-EGFP. Both activities were increased in samples treated with the 
HA-FADD expression plasmid and DDX24 specific siRNA in comparison to the controls either 
overexpressing HA-FADD or being silenced for DDX24. Interestingly, such a synergistic effect was 
not detected for caspase-9, although, the overexpression of HA-FADD and the DDX24 knock-
down alone increased Htt-induced caspase-9 activity (Figure 2.36 C). These observations provide 
evidence that DDX24 indeed might influence caspase-8 and -3 activities via the extrinsic apoptosis 
pathway through its interaction with FADD.
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3.9	 A model for the influence of DDX24 on Htt-induced 
caspase activation  

In the following I will combine the results from my study with mechanistic models of Htt-induced 
toxicity drawn from the literature. Based on these data I will propose a role of DDX24 in mutant 
Htt-induced caspase activation and apoptosis.

Mutant Htt expressed in the cell is cleaved by caspase-6 generating N-terminal Htt fragments 
(Graham et al., 2006) which accumulate in intranuclear inclusions and lead to neuronal dysfunction 
(Davies et al., 1997; DiFiglia et al., 1997). However, whether these intranuclear inclusions or soluble 
forms of mutant Htt trigger toxicity, is still under debate. Several chains of evidence suggest the 
activation of the intrinsic apoptosis pathway by mutant Htt. Mutant Htt aggregation has been 
demonstrated to induce expression of proteins involved in the mitochondrial-mediated apoptosis 
pathway and to reduce expression of proteins of the respiratory chain (Bae et al., 2005; Cui et al., 
2006). Both processes result in mitochondrial impairment as well as enhanced vulnerability of 
the mitochondria (Fan and Raymond, 2007) and lead to the release of apoptotic factors such as 
cytochrome c. This finally results in initiation of the intrinsic apoptosis pathway (Zeron et al., 2004; 
Green and Reed, 1998; Chapter 1.2.2). 

Moreover, mutant Htt directly binds to mitochondria which triggers membrane depolarization 
as well as release of Ca2+ and cytochrome c (Choo et al., 2004; Panov et al, 2002). Cytochrome c 
assembles with Apaf-1 and procaspase-9 forming the apoptosome complex which activates cas-
pase-3 finally leading to cell death (Green and Reed, 1998). Under stress conditions caspase-9 and 
-3 are also activated independently of the apoptosome via the misfolded protein response pathway 
as a result of ER stress (Morishima et al., 2002; Rao et al., 2002). 

Furthermore, stress factors including death receptors ligands, IL-1β and free radicals are produced 
as a consequence of mutant Htt-induced stress and released from the cell (Yuan and Yankner, 2000; 
Friedlander, 2003). Consequently, the released death receptor ligands bind to their corresponding 
death receptors on the surface of neighboring cells activating the extrinsic apoptosis signaling 
cascade inducing caspase-8 and subsequently caspase-3 (Elmore, 2007; Cryns and Yuan, 1998). All 
this evidence suggests that mutant Htt triggers apoptosis primarily via the intrinsic mitochondrial 
pathway.  

Moreover, these findings suggest a two stage process (Figure 3.1) in which mutant Htt expression 
leads to a chain reaction initiating cell death by first inducing the intrinsic mitochondrial apoptosis 
pathway which subsequently results in the activation of receptor-mediated apoptosis. In parallel, 
receptor-mediated apoptosis is directly activated by mutant Htt via the HIP/HIPPI complex which 
activates caspase-8 (Gervais et al., 2002; Chapter 1.1.8).
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My results indicate a regulatory role of DDX24 in the receptor-mediated apoptosis pathway. In the 
model I postulate that DDX24 expression is upregulated in cells as an intracellular stress response 
to mutant Htt expression. The upregulation of DDX24 might occur at a stage in HD pathogenesis 
in which Htt inclusions already have formed and transcriptional changes occur as a result of the 
mutant protein expression. My data indicate that DDX24 directly binds to the apoptosis mediator 
FADD, which may prevent the formation of the DISC protein complex at the death receptor. The 
inhibition of DISC formation might then reduce receptor-mediated apoptosis as well as activation 
of the caspase cascade. This might be a general mechanism of cellular stress response.

When the cells pass into a later stage of the cell death process increased amounts of intercel-
lular caspase-3 are available in cells. The protease may cleave the DDX24 protein at its DEAD 
sequence which results in liberation of FADD and the formation of DISC at the death receptor. 
Alternatively, the degradation of DDX24 might also be a result of enhanced ubiquitin-proteasome 
system (UPS) activation induced by the protein misfolding response (Díaz-Hernández et al., 2003; 
Bett et al., 2006). The degradation of DDX24 and the liberation of FADD enhance the suscepti-
bility of the death receptor to external death signals which are released from cells already in the 
stage of dying. Due to the reduced DDX24 levels, the external apoptosis signals can be transmit-
ted smoothly through the extrinsic signaling cascade. DDX24 degradation would thus result in 
additional activation of caspase-8 and caspase-3, ultimately leading to rapid apoptosis. This proc-
ess would represent a positive feedback-loop in caspase activation.
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Figure 3.1: Suggested model for the function of DDX24 in mutant Htt-induced caspase activation. Aggregation 
of mutant Htt activates caspase-3 through mitochondrial- and HIP1-mediated pathways. It also leads to upregula-
tion of DDX24. DDX24 binds to FADD potentially inhibiting recruitment of FADD to the death receptor and/or 
formation of the DISC protecting the cell against additional extracellular stress signaling.  Activation of caspase-3 
and/or upregulation of the UPS is assumed to result in degradation of DDX24 and liberation of FADD. This leads to 
enhanced susceptibility of the death receptors to external death stimuli. Death receptor ligands released by apoptotic 
cells bind to death receptors on other cells and induce the receptor-mediated extrinsic apoptosis signaling cascade ad-
ditionally activating caspase-8 and caspsase-3, which results in cell death.
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3.10	 Outlook and further directions

In order to better understand the role of DDX24 in receptor-mediated apoptosis, the interaction 
between DDX24 and FADD and the functional consequences of this protein interaction need 
to be further investigated. If DDX24 binding inhibits FADD activation, it should be possible to 
rescue caspase activity induced by DDX24 knock-down/FADD overexpression by co-expressing 
the proteins DDX24 and FADD. A second possibility to show a rescuing effect on caspase activa-
tion would be the endogenous silencing of DDX24 as well as of FADD. Third, an experiment in 
which the binding of DDX24 to FADD is impaired by mutation of possible binding sites or block-
ing of the interaction with small molecules should result in an enhanced activation of caspases, 
strengthening the hypothesis of an inhibitory DDX24/FADD protein complex.

My model proposes that DDX24 might be degraded by increased UPS activity in the late stage 
of apoptosis, which might facilitate extrinsic caspase activation. While the induction of the UPS 
by misfolded proteins has been well demonstrated in transgenic HD mice (Díaz-Hernández et 
al., 2003; Bett et al., 2006), the degradation of DDX24 by the UPS still needs to be demonstrated. 
To prove the hypothesis that DDX24 is degraded by the UPS it should be investigated, whether 
DDX24 in the striatum of transgenic HD mice is ubiquitinated. Furthermore, inhibition of the 
proteasomal activity should increase DDX24 protein levels which should have consequences for 
the activation of caspases.

I hypothesize that in the late stage of apoptosis DDX24 is cleaved by caspase-3, which might 
accelerate cell death. Experiments demonstrating that DDX24 is indeed a substrate of caspase-3 
need to be performed. A similar experiment was shown by M. Sun (2008) demonstrating that 
DDX3 is cleaved by caspase-3 and that this influences death receptor signaling (Sun et al., 2008).

Moreover, it would be interesting to investigate whether the effect of DDX24 on caspase activation 
is exclusively mediated by caspase-8 activating caspase-3 or whether other pathways involving 
DDX24 influence caspase-3 activation. To address this question intracellular levels of caspase-8 
could be reduced by RNAi in addition to DDX24 silencing in PC12 cells overexpressing mutant 
Htt protein. Alternatively caspase-8 could specifically be inhibited by caspase-8 inhibitors such as 
Z-IETD-FMK.
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Chapter 4

Materials and Methods

4.1	 Materials

4.1.1	 Bacterial stains
Mach1™ T1R 	 E. coli/ F– Φ80lacZΔM15 ΔlacX74 hsdR(rK–, mK+) ΔrecA1398 endA1 tonA 

(Invitrogen), recommended strain for use with the Gateway ® Cloning System.

DH10B	 E. coli/ F` mcrA Δ-(mrr hsd RMS-mcr BC) ϕ80dlacZΔM15 ΔlacX74 deoR 

recA1 araD139 Δ(ara leu)7697 galU galK λ- rpsL endA1 nupG (Invitrogen).

4.1.2	 Cell lines
Neuro2a	 Mouse neuroblastoma cell line, about 30% of the cells grow like neuronal 

cells; 70% are round, loosely attached cells (DKMZ, Deutsche Sammlung für 
Mikroorganismen und Zellkulturen GmbH)

PC12 Htt25Q
-EGFP 
PC12 Htt103Q
-EGFP	 Rat adrenal pheochromocytoma cell line; expressing a Htt exon 1 protein frag-

ment containing either 25Q or 103Q fused to an EGFP-epitope tag after induc-
tion with Muristerone A or Ponasterone A.  Grow on collagene coated plates.
Differentiation by growing in starvation medium (1 % horse serum) supple-
mented with 50 ng/ml NGF (Apostol et al., 2003).

HEK293	 Human embryonal kidney cell line; adherent fibroblastoid cells growing as 
monolayer (DKMZ, Deutsche Sammulung für Mikroorganismen und Zellkul-
turen GmbH).
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4.1.3	 Expression vectors
pcDNAI/Amp
-HD320_Q68	 Expression vector for expression for the HD320_Q68 protein in mammalian 

cells under the control of the CMV promoter. The vector contains an ampicil-
lin resistance.

pcDNA3.1-β-Gal	 Expression vector for  the β-Galactosidase protein in mammalian cells under 
the control of the CMV promotor. Vector based on pcDNA3.1. The vector con-
tains an ampicillin resistence.

pTL1-HA1-D48	 Expression vector for HA-fusion proteins. Upstream of the multiple cloning 
site of pTL (1, 2, 3) the coding sequence for the HA-epitope has been intro-
duced in all three reading frames (HA 1, 2, 3), and a Kozak-sequence has been 
inserted (Sittler et al., 1998) (Vector map: Appendix).

pc-myc-CMV-D12 
	 Expression vector for the expression of fusion proteins containing an N-ter-

minal Myc-epitope tag in mammalian cells under the control of the CMV 
promotor.Vector  contains an ampicillin resistence (RZPD) (Vector map: 
Appendix).

	
pPAReni-DM
pFireV5-DM	 Vectors are based on pCDNA3.1(+) (Clontech). For the pPAReni-DM the fol-

lowing cassette was cloned between the BamHI and XbaI sites: Kozak sequence, 
a double protein A epitope, renilla luciferase and the ccdB cassette with flank-
ing R1 and R2 att-sites. For the pFireV5-DM vector the following cassette was 
cloned between the BamHI and XbaI sites: firefly luciferase , V5 epitope and 
the ccdB cassette with flanking R1 and R2 att-sites (Vector maps: Appendix).

pdECFP-Amp
pdEYFP-Amp	 Expression vectors for ECFP- and EYFP-fusion proteins based on 

pcDNA3.1 (+) (Clontec). Both vectors are Gateway-adapted destination 
vectors, containing the ccdB gene flanked by the attR recombination sites. 
pdEYFP/pdECFP are designed for fusing a gene of interest to an N-terminal 
EYFP/ECFP-tag according to the Gateway Cloning Technology (Invitrogen) 
and for expression of this gene in mammalian cells under control of the hu-
man CMV-IE promoter and enhancer (Vector maps: Appendix).
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4.1.4	 Microbiological media and buffers

1000x Ampicillin stock 100 mg/ml dissolved in 50% ethanol, stored at -20°C

AttoPhos™ buffer 50 mM Tris-HCl pH 9.0,500mM NaCl, 1mM MgCl2
AttoPhos™ reagent 10 mM AttoPhos reagent dissolved in 100mM Tris pH9.0

1% BSA Bovine serum albumin was dissolved in 1x PBS to a final
concentration of 1 % (w/v)

Co-IP washing buffer 20mM Tris-HCl pH 7.5, 150mM NaCl, 0.1 % NP-40, freshly added 
protease inhibitors (Complete™ final concentration: 1x; 1mM PMSF)

10x DNA sample buffer 0.42% bromophenol blue, 0.42% xylene cyanol, 25% ficoll type 400, 
dissolved in distilled water, stored at -20°C

1000x Kanamycin stock 25mg/ml dissolved in distilled water, stored at -20°C

Lysis buffer for mammalian 
cells (native)

50mM Tris-HCl pH 8.8, 100 mM NaCl, 5mM MgCl2,
1%, NP-40 1mM EDTA, stored at 4°C, add protease inhibitors (Com-
plete™ final concentration: 1x; 1mM PMSF) and 25U/ml benzonase 
straight before use

LB-(Luria Bertani) me-
dium

10g/l Bacto Pepton, 5g/l yeast-extract, 10g/l NaCl, pH7.2

25x Protease inhibitors One tablet of Complete™ protease inhibitor (Roche) dissolved in 2ml 
distilled water, stored at -20°C

10x PBS 80g NaCl, 2g KCl, 14.4g Na2HPO4, 2.4g KH2PO4, to
1l with distilled water

4% PFA 4 g of paraformaldehyde dissolved in 100 ml PBS and heated
at 50°C for 5 minutes to reach a clear solution, stored at -20°C

PMSF 100mM PMSF dissolved in isopropanol, stored at -20.

12.5 % resolving gel 3.125ml of 40% Bisacrylamide, 2.5ml of 1.5 M Tris-HCl (pH8.8), 
100μl of 10% SDS, 4.2ml ddH2O, 100μl of 10% APS,
and 10μl TEMED

5% stacking gel 0.75ml of 40% acrylamide, 1.5ml of 0.5M Tris-HCl (pH6.8), 60μl of 
10% SDS, 3.6ml ddH2O, 60μl of 10% APS,
and 6μl TEMED

4x SDS loading buffer 200mM Tris-HCl pH6.8, 400mM DTT, 8% SDS, 4mg/ml bromophe-
nol blue, 40% glycerol, store at -20°C 

1 x SDS running buffer 1 x WB-buffer, 0.1% SDS

3% skim milk skim milk powder was dissolved in TBS-T to a final
concentration of 3% (w/v)
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Stripping buffer pH 2.2 200mM Glycin, 1% Tween20, 0.1% SDS

S.O.C. Medium 2% Tryptone, 0.5% Yeast Extract,10mM NaCl, 2.5mM KCl, 
10mM MgCl2, 10mM MgSO4, 20mM glucose

1x TBE 1x TBE 1mM EDTA, 45mM Tris-Borate pH 8.0

TBS 20mM Tris-HCl pH 7.5, 150mM NaCl

TBS-T 20mM Tris-HCl pH 7.5, 150mM NaCl, 0.05% Triton X-100

10 x WB-buffer 30g/l Tris, 144g/l Glycin

Western blot buffer 1 x WB-buffer, 10 % Ethanol

4.1.5	 Media and supplements for mammalian cell culture

Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/L 
D-Glucose, Sodium Pyruvate, without L-Glutamine

Gibco

Dulbecco’s modified Eagle medium (DMEM) with 
L-Glutamine, 1000 mg/L D-Glucose, Sodium Pyruvate

Gibco

0.5% Trypsin and 0.53mM Na-EDTA in Hanks’ B.S.S. Gibco

Fetal calf serum (FBS) from E.G. approved countries Gibco

Dulbecco’s phosphate buffered saline (D-PBS) without 
calcium, magnesium

Gibco

L-Glutamine Gibco

Penicillin G (10000 units/ml) and 
Streptomycin sulfate (10000μg/ml) in 0.85% saline

Gibco

MEM Non Essential Amino Acids (100X) Gibco

Geneticin (G418, 50mg/ml ) Gibco

Zeocin	 (100µg/ml) Invitrogen

Muristerone A (1mM in ethanol)	 Invitrogen/Sigma

4.1.6	 Oligonucleotides

Table 4.1: Primer/probe quantitative real-time PCR

Name Sequence 5’ -> 3’
PC12LT_EGFP fw TGG TGA GCA AGG GCG AGG A
PC12LT_EGFP rev TGG TGC AGA TAG ACT TCA G
Sonde PC12LT_EGFP 6-FAM - CAG CCT GGT CGA GCT GGA - BHQ1
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Oligonucleotides have HPLC purification grade and were synthesized by BioTeZ Berlin-Buch 
GmbH in a quantity of 10 nmol. Primers and probe have been resolved in nuclease-free water and 

diluted to a concentration of 10 pmol/µl.

siRNAs

siGENOME siRNAs were purchased from Dharmacon siRNA Technolgies (Thermo Scientific). 
siGENOME smart pool siRNAs targeting genes of the p200 list were a kind gift of Dr. Steffan Wie-
mann (DKFZ; Heidelberg).

siGENOME siRNA set of 4 and single siRNAs were purchased in a quantity of 5 nmol and have 
been resolved to a concentration of 20 µM in 1x siRNA buffer (Dharmacon; diluted from 5x siR-
NA buffer in RNAse-free H2O).

Table 4.2: DDX24 targeting siRNA sequences

Name Target sequence
siDDX24_1 (D-097043-01) GGAAGCAAGUGACGAUCGA
siDDX24_2 (D-097043-02) ACUGACAGAUUACCGCUUA
siDDX24_3 (D-097043-03) GGUCGUAGCCUGGUAUUUG
siDDX24_4 (D-097043-04) ACGAAUCCUUCAUAAGAAA

4.1.7	 Antibodies
Primary antibody Species Dilution Supplier
Anti-Actin mouse 1:2000 Abcam
Anti-CAG53b rabbit 1:5000 own production by E. Scherzinger
Anti-DDX24 rabbit 1:500 (WB)

1:100 (IF)
own production by M. Lalowski (antiserum)

Anti-GAPDH rabbit 1:2000 Sigma
Anti-HA (WB) mouse 1:2000 Babco
Anti-HA (IF) rabbit 1:100 Sigma
Anti-Myc mouse 1:100 Santa Cruz
Anti-PA rabbit 1:2000 Sigma
Anti-p53 rabbit 1:1000 Cell Signaling
Anti-V5 mouse 1:5000 Invitrogen

Secondary antibody Conjugate Species Dilution Supplier
Anti-rabbit IgG Alkaline Phosphatase goat 1:10000 Sigma
Anti-mouse IgG Alkaline Phosphatase goat 1:10000 Sigma
Anti-rabbit IgG Peroxidase goat 1:2000 Chemicon
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Anti-mouse IgG Peroxidase goat 1:2000 Chemicon

Anti-rabbit IgG Cy3 donkey 1:200
Jackson Immuno 
Research

Anti-mouse IgG Cy5 goat 1:200 Dianova

4.1.8	 Enzymes, proteins, markers and DNA
Benchmark pre-stained protein ladder Invitrogen

Benzonase purity grade II Merck

BSA 10 mg/ml NEB

Herrings Sperm Carrier DNA Clontech

LR Clonase enzyme mix Invitrogen

Proteinase K Sigma

4.1.9	 Kits

Apo-ONE® homogenous caspase-3/7 assay Promega

BCA Protein assay reagent Pierce

Caspase-Glo® 8 Assay Promega

Caspase-Glo® 9 Assay Promega

Dual-GloTM Luciferase Assay System Promega

Lipofectamin 2000 Invitrogen

Plasmid Mini Kit Qiagen

Plasmid Midi Kit Qiagen

RNeasy Mini Kit Qiagen

RNeasy Lipid Tissue Mini Kit Qiagen

RNase free DNase Set Qiagen

RevertAid H Minus First Strand cDNA Synthesis Kit Fermentas

TaqMan Gene Expression Assay DDX24 (rat) AppliedBiosystems

TaqMan Gene Expression Assay DDX24 (mouse) AppliedBiosystems

TaqMan Rat GAPD (GAPDH) Endogenous Control AppliedBiosystems

TaqMan Mouse GAPD (GAPDH) Endogenous Control AppliedBiosystems

TaqMan Rat ACTB Endogenous Control AppliedBiosystems

TaqMan® Universal PCR Master Mix AppliedBiosystems

Western Lightning ECL Perkin Elmer
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4.1.10	 Chemicals and consumables
3MM Whatman filter paper Whatman

Agarose Invitrogen

Ammoniumpersulfate (APS) BioRad

Ampicillin-trihydrate Sigma-Aldrich

Blot absorbent filter paper BioRad

Bromophenol blue Merck Eurolab GmbH

Cell culture dishes DB Falcon

Cell scrapers (COSTAR) Corning Inc.

Cellulose acetate membrane 0.2 μm Schleicher and Schuell

Collagen solution Type I from calf skin Sigma-Aldrich

Complete protease inhibitor cocktail Roche

Dithiothreitol (DTT) Serva

Dimethylsulfoxide (DMSO) Sigma-Aldrich

Ethidium bromide solution 10mg/ml Sigma-Aldrich

Filter paper GB005 Schleicher and Schuell

Fluoronunc 96-well plates Nunc

Glycerol Merck Eurolab GmbH

IgG-coated Dynabeads Invitrogen

MicroAmp Optical 8-Tube Strip AppliedBiosystems

MicroAmp Optical 8-Cap Strip AppliedBiosystems

MicroAmp Optical 96-well reaction plate AppliedBiosystems

MicroAmp Optical Adhesive film AppliedBiosystems

Muristerone A 1mg lyophilized Sigma

NP-40 (IGEPAL CA 630) Sigma-Aldrich

Protran BA 83 nitrocellulose membrane Schleicher and Schuell

Phenylmethylsulfonylfuoride (PMSF) Sigma-Aldrich

Polyoxyethylensorbitan-Monolaureat Tween20 Sigma-Aldrich

P-t-Octylphenyl-polyoxyethylen Triton X-100 Sigma-Aldrich

ProLong® Gold antifade reagent Invitrogen

Resazurin Sigma-Aldrich

RNAse Zap Carl Roth

Sodium Sigma-Aldrich
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TEMED Life Technologies

TrypanBlue solution (0.4 %) Sigma-Aldrich

All other chemicals, salts, buffer substances, solvents, acids and bases were purchased from Carl 
Roth GmbH. Used chemicals had the purification grade per analysis (p.a.).

4.1.11	 Laboratory equipment
7500 Real-time PCR system AppliedBiosystems

Cryo 1C freezing container Nalgene

Electroporator BioRad

Electroporation cuvettes BioRad

Image reader LAS-3000 Fujifilm

NanoDrop 8000 Photometer Peqlab

Infinite M200 plate reader Tecan

Polyacrylamide gel electrophoresis apparatus, Criterion sys-
tem

BioRad

Semi-dry Western blotting apparatus BioRad

PTC-200 gradient cycler MJ Research

Tissue Homogenizer VWR

Zeiss Imager.Z1 Microscope Zeiss
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4.2	 Methods

4.2.1	 Molecular biology

Shuttling of cDNA constructs into appropriate expression vectors

cDNA construct from the RZPD clone library were integrated into expression vectors us-
ing commercially available Gateway® technology (Invitrogen). The entry clones of FADD 
(RZPDo839C12160) and DDX24 (RZPDo839H0780) were shuttled into the destination vec-
tors pTL-HA1-D48, pc-myc-CMV-D12, pPAReni-DM and pFireV5-DM as well as in pdEYFP-
Amp and pdECFP-Amp according to the shuttling protocol of the Gateway® system (Invitrogen; 

www.invitrogen.com).

Chemical transformation of E. coli

Plasmid DNA was transformed into chemically competent E. coli Mach1-T1R. 5µl of plasmid 
DNA was added to 50 µl of competent Mach1-T1R cells and incubated on ice fro 30 min followed 
by heat-shock for 30 sec at 42°C.  Subsequently, the cells were put back on ice for 1 min to cool 
down, mixed with 250µl S.O.C. medium without antibiotics and then incubated at 37°C under 
shaking for 1 hour. Aliquots were then plated onto antibiotics treated LB-agar plates and grown at 

37°C over night.

Plasmid preparation from E. coli

For amplification of plasmid DNA, LB medium supplemented with the appropriate antibiotics 
was inoculated with E. coli colonies carrying the desired plasmid and grown over night at 37°C 
in an incubator-shaker, and subsequently harvested by centrifugation. Depending on the DNA 
quantities plasmid DNA was purified using the Qiagen Plasmid Mini or Midi Kit according to 
manufacturer’s instructions.

Determination of DNA and RNA concentration

To determine the concentration of nucleic acids, the absorbance of the purified DNA or RNA in 
aqueous solution was measured at 260 and 280 nm in a NanoDrop spectrophotometer (Peqlab). 
An A260 reading of 1.0 is equivalent to ~50 µg/ml double-stranded DNA or ~40 µg/ml single-
stranded RNA. The A260/A280 ratio is used to assess DNA/RNA purity. An A260/A280 ratio of 1.8 
- 2.1 is indicative of highly purified DNA or RNA.
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Restriction digest of DNA

Restriction digests were performed in the restriction buffers and according to the protocols sup-
plied by the manufacturer. For restriction digestion ca. 1 µg of the plasmid preparation were in-
cubated at 37°C for 1-2 h. The reactions were stopped by adding 10x DNA sample buffer and the 
products were separated by electrophoresis on an agarose gel.

DNA electrophoresis

To separate DNA fragments the samples mixed with loading buffer were loaded to a 1 % (w/v) aga-
rose gel, which contained 0.5 g/ml ethidium bromide to visualize the DNA after separation under 
UV-light, as a running buffer 1x TBE was used.

RNA isolation from mammalian cell culture and mouse brain tissue

Total RNA from mammalian cells was extracted and purified using RNeasy Mini Kit (Qiagen) fol-
lowing the manufacturer’s instructions. For disruption of the cells the cell pellets were resuspended 
in lysis buffer provided in the kit and spin through QIAShredder homogenizer columns (Qiagen). 
To avoid contamination of the RNA preparation with chromosomal DNA samples were incubated 
with DNaseI after binding to the RNeasy spin column using the RNase free DNase Kit (Qiagen). 
The purified total RNA was eluted from the columns using 30 µl RNase-free water. 

To isolate total RNA from mouse brain I used the RNeasy Lipid Tissue Mini Kit (Qiagen) accord-
ing to the manufacturer’s protocol. Samples derived from mouse striatal tissue were mechanically 
homogenized in QIAzol Lysis Reagent (Qiagen) and mixed with chloroform. After addition of 
chloroform, the homogenate was separated into an aqueous and an organic phase by centrifuga-
tion. RNA partitions to the upper, aqueous phase, while DNA partitions to the interphase and 
proteins to the lower, organic phase or the interphase.

The upper, aqueous phase was extracted and ethanol was added to provide appropriate binding 
conditions. The samples were then applied to the RNeasy spin column, where the total RNA binds 
to the membrane and phenol and other contaminants are efficiently washed away. Total RNA was 
finally eluted in 60 µl RNase-free water.

The concentration of the total RNA preparations was determined using a spectrophotometer 
(NanoDrop8000; Peqlab) as described above.

cDNA synthesis via reverse transcription

Using the retroviral enzyme reverse transcriptase one can transcribe RNA into complementary 
cDNA. Such as other polymerases this specific RNA dependent DNA polymerase needs an oli-
gonucleotide bound to the RNA and serving as the starting point of the strand complementa-
tion. For transcription of the total RNA isolate unspecific Oligo-dT primers were used. These 
primers consist of 10 – 15 thymine bases and recognize the poly-A-tail of eukaryotic mRNA. For 
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the cDNA synthesis from cellular total RNA the RevertAid™ H minus first strand cDNA synthe-
sis Kit (Fermentas) was used according to the manufacturer’s protocol. For reverse transcription 
and cDNA production 1 – 2 µg of total RNA isolated from mammalian cells or mouse brain was 
used. 

Quantitative real-time PCR

The quantitative real-time PCR (qRT-PCR) is a highly sensitive technique to simultaneously amplify 
and quantify a DNA target sequence, based on the principle of a normal PCR (Higuchi et al., 1992). 
The DNA quantification occurs by fluorescence measurement during the PCR-cycles. For fluores-
cence detection either the PCR products can be labelled with fluorescent dyes which unspecifically 
intercalate into DNA double-strands or a fluorescence probe is bound to the DNA template. The 
latter one, known as “TaqMan probe” is a sequence specific oligonucleotide, carrying a fluorophore 
(“reporter”) at their 5‘-end and a quencher of fluorescence at the 3‘-end of the probe. The close 
proximity of the reporter to the quencher prevents detection of its fluorescence; breakdown of 
the probe by the 5‘ to 3‘ exonuclease activity of the Taq polymerase breaks the reporter-quench-
er proximity and thus allows unquenched emission of fluorescence, which can be detected after 
excitation with a laser (Lee et al., 1993). The intensity of the fluorescence signal is direct propor-
tional to the amount of amplified double stranded PCR product and therefore increases over time 
of the PCR reaction.

To perform a qRT-PCR, cDNA obtained from the reverse transcription of total RNA (see previ-
ous paragraph) was diluted 1:1000 in RNAse-free H2O and added to the PCR reaction as template. 
For detection of endogenous DDX24 mRNA purchased primer/probe mixes specific for either rat 
or mouse DDX24 were used (TaqMan Gene Expression Assay DDX24; FAM-labelled; Applied-
Biosystems). As endogenous controls for normalization of the relative DDX24 mRNA levels to 
the amount of total RNA I used the TaqMan GAPD (GAPDH) Endogenous Control Assay (rat 
or mouse specific) and the TaqMan ACTB Endogenous Control Assay (rat specific), respectively. 
All used probes of the endogenous controls are VIC-labelled (AppliedBiosystems). For detection 
of Htt103Q-EGFP or Htt25Q-EGFP mRNA a self designed primer/probe set was used (FAM-
labelled; Chapter 4.1.6, Table 4.1). All real-time PCR reactions were performed in triplicates as 
multiplexed samples detecting cDNA of both, target and endogenous control within the same well 
(possible because of their different fluorescence labelling). The composition of the real-time PCR 
reactions is shown below in Table 4.3a/b.
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Table 4.3a: Components of a multiplexed real-time PCR reaction using purchased TaqMan Gene Expression Assays

Component Volume (µl)
cDNA template 5
TaqMan Gene Expression Assay DDX24 (20X) 1
TaqMan Endogenous Control Assay (20X) 1
TaqMan Universal PCR Master Mix (2X) 10
Nuclease-free H2O 3
Final volume 20

Table 4.3b: Components of a multiplexed real-time PCR reaction using self designed primer/probe set

Component Volume (µl)
cDNA template 5
forward primer (10 pmol/µl) 0.5
Reverse primer (10 pmol/µl) 0.5
Fluorescent probe (10 pmol/µl) 0.5
TaqMan Endogenous Control Assay (20X) 1
TaqMan Universal PCR Master Mix (2X) 10
Nuclease-free H2O 2.5
Final volume 20

All real-time PCR reactions were performed in the Applied Biosystems 7500 Real-Time PCR 
System using the standard amplification program:

50 cycles

	 50°C	 15min
	 95°C	 2min
	 95°C	 15sec
	 60°C	 45sec }
		

The quantification was done by analysis of the data collected during the run. The data was anayzed 
by the so called comparative threshold cycle method (CT). The CT-value corresponds with the 
PCR cycle in which the fluorescence intensity detected in the sample overcomes the background 
signal (threshold) for the first time. The more target cDNA is present in the sample the earlier the 
threshold will be exceeded, resulting in a small cycle number and a low CT-value. The CT-value 
of the sample is then normalized to the CT-value of its endogenous control (calibrator) giving its 
ΔCT-value, calculated as:

ΔCT = CT target - CT calibrator
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To further compare the samples of interest with the corresponding negative controls a second 
comparison/calculation step is performed in which the ΔCT-value of the sample is normalized 
to the ΔCT-value of the corresponding control (for example induced PC12 cells vs. non induced 
PC12 cells) giving its ΔΔCT-value, calculated as:

ΔΔCT = ΔCT sample - ΔCT control

On basis of the ΔΔCT-value the x-fold change of target gene expression can be calculated using 
the formula:

-ΔΔCTx-fold change = 2

4.2.2	 Protein biochemistry

Protein isolation by acetone precipitation

To extract the content of total proteins from mouse striatal brain sections the organic phase and  
the interphase left over in the RNA isolation procedure (Chapter 4.2.1) were mixed with 4 volumes 
of ice cold (-20°C) acetone. The samples then were mixed by vortexing and incubated over night 
at -20°C. Precipitation samples then were centrifuged for 15 min at 15000 rpm in a pre-cooled 
centrifuge (4°C).  The supernatant was removed and protein pellets were air-dried for 4 hours at 
room temperature. To resolve the proteins pellets were mixed with the standard lysis buffer sup-
plemented with SDS to a final concentration of 2 % and vortexed for 1 hour. Since pellets did not 
resolve, properly samples were additionally heated for 30 min under shaking and the soluble frac-
tion was used for further analysis. The total protein concentration was determined in supernatant 
by BCA method (see next paragraph).

Determination of the protein concentration

The concentration of proteins in aqueous solution was determined using BCA protein assay 
(Pierce). The bicinchoninic acid (BCA) method employs the reduction of Cu+2 to Cu+1 by protein 
in an alkaline medium. The combination of BCA and Cu+1 creates a purple-colored product that 
absorbs at 562 nm. The amount of product formed is dependent upon the amount of protein in 
the sample. The absorption of the protein solution was subsequently compared to a BSA standard 
dilution series to determine the exact concentration of the sample. 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Separation of proteins according to their molecular mass was carried out according to Laemmli 
(Laemmli, 1970). Before loading onto the gel samples were mixed with 4x SDS-loading buffer and 
denatured by 98°C for 5 min. SDS-PAGE was performed following the instructions by Sambrook 
and Russell (Sambrook and Russell, 2001), with gels containing 12.5 % polyacrylamide. As protein 
standard Benchmark™ pre-stained protein ladder (Invitrogen) was used.

Western blotting

Following the separation by SDS-PAGE the proteins were transferred onto nitrocellulose mem-
brane (Schleicher and Schuell) to immobilize the proteins and make them visible by immunos-
taining. The transfer was performed in the semi-dry Transblot Apparatus (Bio-Rad) at 20 V for 
1.5 hours. Subsequently the membranes were blocked in 3 % skim milk solution for 1 hour at room 
temperature or at 4°C over night. The immunoblots then were incubated with the desired primary 
antibody overnight, washed several times with TBS-T and TBS and in a second step incubated 
with the corresponding secondary antibody conjugated to either alkaline phosphatase or peroxi-
dase (POD) for 1 hour. Eventually, the proteins were detected by either fluorescence measurement 
under 460 nm UV-light (AttoPhos; Europa Bioproducts) or chemiluminescence (Western Light-
ningTM; PerkinElmer) measurement in the LAS3000 Image reader (Fuji).

Detection of Htt aggregates by denatured and native filter retardation assay

To detect Htt aggregates a filter retardation assay was performed. After harvesting, PC12 cells were 
lysed in standard lysis buffer (Chapter 4.1.4) for 20 min on ice.  The protein concentration was 
determined by BCA assay (Pierce) according to the manufacturer’s protocol. For denatured filtra-
tion 2 % SDS and 50 mM DTT were added to the lysates and the samples were denatured at 98°C 
for 5 min. Two Whatman 3MM filter papers and one cellulose acetate membrane were soaked 
in 0.1% SDS, mounted on a filter unit and washed twice with 0.1 % SDS solution. The denatured 
protein samples were then filtered through the cellulose acetate membrane as described in the 
literature (Scherzinger et al., 1997). The membrane was washed twice with 100 µl of 0.1 % SDS-
buffer and SDS resistant aggregates staying on the surface of the membrane were detected by the 
CAG53b antibody (1:5000, rabbit) recognizing Htt, as described for Western blotting.

To detect EGFP-labelled Htt103Q-EGFP aggregates samples were filtered under native conditions 
without addition of SDS/DTT to the lysis buffer or heat denaturation. For soaking of the filter 
papers and the cellulose acetate membrane SDS was substituted by 0.1 % NP-40 in the buffer. 
After filtration Htt103Q-EGFP aggregates were directly detected by exposure of the membrane to 
460 nm UV-light in the LAS3000 Image reader (Fuji).
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LUMIER (Luminescence-based Mammalian Interactome mapping technology) 

The LUMIER assay which was established by M. Barrios-Rodiles in 2005 (Barrios-Rodiles et al., 2005) 
is a highly sensitive method to detect protein-protein interactions. In this assay two potential pro-
tein interaction partners are co-expressed in a mammalian cell culture system. Both of those are 
generated as fusion protein constructs whereby the one is a firefly-luciferase-fusion protein tagged 
to a V5-epitope tag (the bait protein) and the other a renilla-luciferase-fusion protein containing a 
PA-tag (serving as prey protein). After expression, the fusion proteins can be isolated from the cell 
extract by affinity purification using an PA (Protein A) -antibody. By several washing steps weakly 
bound endogenous cellular proteins are removed from the complex. In case of an interaction be-
tween bait and prey this can be detected by the luminescence of the firefly-luciferase substrate 
when added to the isolated protein complex. The prey-associated luminescence reveals the extent 
of bait interaction. 

The clones used in the LUMIER assay were subcloned into the plasmids pPAReni-DM and 
pFireV5-DM, using the GATEWAY® technology creating the expression vectors pPAReni-FADD, 
pPAReni-DDX24, pFireV5-FADD and pFireV5-DDX24. The plasmids were co-transfected in 
HEK293 in combinatons of pPAReni-FADD/pFireV5-FADD and pPAReni-DDX24/pFireV5-FADD. 
In control cell combinations of all four plasmids and the contrary empty vector (pPAReni-DM or 
pFireV5-DM) were transfected. Double negative controls were treated with both empty vectors. 
The fusion proteins were co-expressed in HEK293 cells for 24 hours. Cell extracts were prepared 
and assessed for the expression of the fusion proteins by luciferase assays. Protein complexes were 
isolated from 80 μl cell extract using IgG-coated microtiter plates and washed with 100 μl PBS. 
The binding (Co-Immunoprecipitation) of the firefly-V5-tagged fusion protein to the PA-renilla-
tagged protein was quantified by measuring the firefly-luciferase activity in a luminescence plate 
reader (Infinite M200, Tecan) using the Dual-GloTM Luciferase Assay System (Promega). Renilla-
luciferase activity was also measured as a control for PA-renilla-luciferase binding to the IgG-
coated plates. Each experiment was performed as triplicate transfection. 

Co-immunoprecipitation from cell lysates

For co-immunoprecipitation experiments of DDX24 and FADD in mammalian cells the same 
expression plasmids were used as for the LUMIER assay. HEK293 cells were co-transfected with 
pPAReni-FADD and pFireV5-DDX24 and incubated for 48 hours, followed by lysis under native 
conditions. Protein complexes were isolated from the crude lysate by incubation of the cell extracts 
with IgG-coated magnetic Dynal beads (Dynabeads M-280 Sheep anti-Rabbit IgG; Invitrogen) on 
a rotating wheel at 4°C over night. Following the binding, samples were washed twice with 1x TBS 
and twice with Co-IP wash buffer. Subsequently, 4x SDS-loading buffer was added to the beads 
and the samples were heat denatured by 98°C for 5 min, followed by SDS-PAGE and Western blot-
ting. 
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4.2.3	 Methods in cell biology

Cultivation of mammalian cells

Neuro2a cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with L-Glutamine, 
1000 mg/L D-Glucose, Sodium Pyruvate supplemented with 10 % FCS, 5% non essential amino 
acids, 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C and 5% CO2. Cells were grown up 
to 90 % confluence and split down to 10 % confluence. To do so the culture medium was removed, 
cells were washed with 5 ml of pre-warmed D-PBS and detached from the flask by incubation with 
0.5 % (w/v) trypsin/1 mM EDTA at room temperature. Cells were then resuspended in 10 ml pre-
warmed culture medium and diluted into fresh 75 cm2 culture flasks.

PC12 Htt103Q-EGFP & Htt25Q-EGFP cells were grown on collagen coated flasks in Dulbecco’s 
modified Eagle medium (DMEM) with 4.5 g/L D-Glucose, Sodium Pyruvate, without L-Glutamine 
containing 5 % horse serum, 2.5 % FCS and 2 mM L-Glutamine. Antibiotics were added as de-
scribed above. For selection 100 µg/ml zeocin and 50 µg/ml G418 were used. Cells were split down 
when they reached 80 % confluence as described for Neuro2a cells and diluted into a fresh cell 
culture flask. Induction of Htt103Q-EGFP or Htt25Q-EGFP protein expression was achieved by 
adding 2.5 µM muristerone to the medium. Controls were treated with corresponding volumes of 
solvent (ethanol).

HEK293 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with L-Glutamine, 
1000 mg/L D-Glucose, supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin at 
37°C and 5% CO2. Cells were grown up to 90% confluence and split down to 10% confluence.  As 
described for Neuro2a.

Long-term storage of mammalian cells

Cells were grown to 90% confluence in 75 cm2 culture flasks. After removing of the medium cells 
were washed with pre-warmed D-PBS, detached by trypsinization and pelleted by centrifugation 
at 1000 x g for 10 min. Subsequently, cells were resuspended in 1 ml of culture medium supple-
mented with 20% FCS, DMSO was slowly added to a final concentration of 10 %. Cells were then 
slowly cooled down to -80°C in a cryo-tube placed in isopropanol over night. Finally, the tubes 
were transferred to the liquid nitrogen tank for long time storage at -180°C.

Determination of the cell number by TrypanBlue staining

TrypanBlue is an acidic dye, binding to cellular proteins. In dead cells the cell membrane is per-
meabilized which allows the dye to enter the cytosol resulting in a blue cell staining. Cells which 
are alive cannot be stained and appear bright under the microscope. Because of the dyeing it can 
be easily distinguished between living and dead cells. To determine numbers of living cells within 
a population a so called Neubauer counting chamber was used. 10 µl of cell suspension was mixed 
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in a 1:1 ratio with 0.4 % TrypanBlue staining solution (Sigma-Aldrich), applied to the counting 
chamber and the living cells were counted in each of the 4 counting squares. The number of viable 
cells is calculated according to the formula:

Total cell number     =
Number of counted cells

x 2    x 104

4

Transient transfection of mammalian cells 

Plasmid transfection: Mammalian cells were transfected with plasmid DNA using Lipofectamine 
2000 transfection reagent (Invitrogen) according to the manufacturer’s instructions. Depending 
on the format in which the transfection was performed, amounts of 0.2 µg (96 well format), 2 µg (6 
well format) or 4 µg (6 cm dish) were used. The transfected cells were incubated for 24 – 72 hours, 
depending on the experimental setup at 37°C and 5% CO2.

siRNA transfection and co-transfection with plasmid DNA: RNAi experiments were performed 
using pools of four synthetically produced siRNAs (siGENOME) purchased from Dharmacon. 
For the RNAi screen Neuro2a cells were seeded the day before transfection in 96well format 
(15000 cells/well) in medium without antibiotics to reach 30 – 50 % confluence the next day. 
For RNAi cells were treated with 2.5 pmol of gene specific siRNA (siGENOME smart pool) and 
additionally co-transfected with 0.2 µg of the Htt expression vector pcDNAI-HD320_Q68. The 
samples were incubated for 48 hours at 37°C and 5% CO2.

Transfections of PC12 cells were performed in either 6 well cell culture plates or 6 cm Petri dishes. 
For RNAi experiments cells were seeded to reach 30 – 50% confluence on the day of transfec-
tion in medium without antibiotics or selection supplements. For endogenous protein silencing 
in 6 cm dishes samples were treated with 100 pmol of target specific siRNA. Non-targeting siRNA 
siGLOred transfection indicator in the corresponding amount was used as a control. For improve-
ment of the transfection efficiency 4 µg denatured carrier DNA derived from herring sperm was 
co-transfected. The carrier DNA was substituted by plasmid DNA if overexpression of a specific 
protein was desired. Samples were transfected with 10 µl Lipofectamine 2000 in a total transfection 
volume of 6 ml. For transfections performed in 6 well format half of siRNA and DNA amounts 
were used. The volume of Lipofectamine 2000 was reduced to 4.2 µl in a transfection volume of 
2.5 ml. After transfection the cells were incubated for 24 – 72 hours as described before. If expres-
sion of Htt103Q-EGFP or Htt25Q-EGFP was desired, cells were treated with 2.5 µM muristerone 
which was added with the transfection mix.
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Determination of cell viability using resazurin

Resazurin is a non toxic oxidation-reduction indicator which is converted by viable cells to the 
fluorescent product resorufin (Ex560 nm/Em590 nm). Moreover, the turnover of resazurin to re-
sorufin results in an absorption shift at 600 nm. The conversion of resazurin to resorufin is propor-
tional to the number of metabolically active, viable cells and the fluorescence or the absorption at 
600nm, respectively can be measured using a suitable plate reader. To determine the cell viability, 
resazurin was added to the cells in 96 well format to a final concentration of 0.01 µg/µl. Then the 
samples were incubated for 1 – 3 hours and the fluorescence signal or absorption was monitored 
in the plate reader (Infinite M200, Tecan). 

Caspase activation assays

Detection of caspase activity was performed in 96 well format, using biochemical assays monitoring 
the activity of capase-3/7, caspase-8 or caspase-9, respectively. Except of the RNA screen in which 
the cells were already grown and transfected in 96well format, cells growing in 6 well plates of Petri 
dishes were harvested after the appropriate incubation time by trypsinization to re-seed them in 
96 well microtiter plates. To normalize the caspase signals to the cell number, the total number of 
living cells was determined by counting (see above), and 40,000 cells per well were re-seeded in 
triplicates in a plating volume of 50 µl. For detection of caspase-3/7 activity the Apo-ONE™ Ho-
mogenous Caspase-3/7 Assay (Promega) was used according to the manufacturer’s instructions. 
The buffer of the assay rapidly lyses mammalian cells, and the caspase substrate Z-DEVD-R110 
present in the solution can be cleaved by active caspase-3 and -7, revealing a fluorescent group 
whose emission at 521 nm can be detected after excitation at 499 nm in a fluorescent plate reader.

For detection of the signals in Neuro2a cells under screening conditions a volume of 100 µl 
Apo-ONE™ Homogenous Caspase-3/7 Assay was added to 100 µl cells in medium and the caspase 
activity signal was monitored over a time span of 1.5 hours measuring the fluorescence every 
5 min.

The activity of caspase-8 and caspase-9 was determined using either the Caspase-Glo® 8 Assay 
or the Caspase-Glo® 9 Assay (both Promega). Both assays are based on the same system in which 
a pro-luminogenic luciferase substrate (caspase-8: Z-LETD-aminoluciferin; caspase-9: Z-LEHD-
aminoluciferin) is added to the cells and incubated at room temperature in the dark. The active 
caspases proteolytically cleave their respective substrate resulting in the release of the luciferase 
substrate aminoluciferin. The substrate then is cleaved by the luciferase present in the buffer. The 
resulting luminescent signal can be measured in a suitable luminescence plate reader. The inten-
sity of the luminescence signal is directly proportional to the amount of active caspase within the 
respective sample.

To detect activity of effector caspase-3/7 and one of the initiator caspases-8 or -9, so called 
“multiplex assays” were performed. These allow gathering of two data sets form the same sample. 
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In doing so the substrate from the caspase-3/7 assay is mixed with either Caspase-Glo® 8 or 9 assay 
and incubated in the dark. The activity of the caspases can then be detected by monitoring the flu-
orescence (Ex499/Em521) and luminescence signals (integration time luminescence: 500 msec).

All caspase activity assays performed with re-seeded cell samples were carried out in black 
polysterol flat bottom microtiter plates with transluced bottom in a volume of 50 µl medium and 
50 µl of the respective caspase assay mix. Incubation times were set to 3 hours with a kinetic meas-
urement of fluorescence and/or luminescence signal every 5 min in the Infinite M200 plate reader 
(Tecan).

Combination of resazurin and caspase activation assays

In some experimental setups the number of different samples exceeded the capacity to be counted 
separately to normalize the caspase signal to the cell number. In these cases a combined resazurin 
conversion/caspase activity assay was performed in which the caspase activity is normalized to the 
metabolic activity of the cells (indicating their viability). Since the excitation and emission wave-
length of resorufin does not interfere with the fluorescent caspase-3/7 activity signal, nor with the 
luminescence obtained in the Caspase-Glo® 8 or 9 assay, both signals can be measured within the 
same well.

To perform these assays cells were harvested by trypsinization and 50 µl of cell suspension was 
transferred to a black microtiter plate and supplemented with resazurin (10 µl) as described above. 
After read-out of the resorufin signal an equal volume (60 µl) of the desired caspase activity assay 
was directly added to the wells. Incubation and read-out of the respective caspase activity was 
carried out as described in the previous paragraph.

Immunofluorescence microscopy

To detect endogenous and/or overexpressed proteins directly in mammalian cells immunofluores-
cence staining experiments can be performed. For immunofluorescence stainings PC12 cells were 
grown on collagen coated sterile coverslips. Depending on the particular experimental approach 
cells were transfected with siRNA and/or plasmid DNA and/or induced for Htt25Q-EGFP or 
Htt103Q-EGFP expression. After the appropriate incubation time cells were washed carefully with 
D-PBS and fixed with 4% paraformaldehyde (PFA) in 1x PBS for 10 – 20 min at room temperature. 
Subsequently, cells were incubated with 50 mM NH4Cl for 10 min to block free aldehyde groups of 
remaining PFA to reduce the background signal. Cell were then permeabilized with 0.2 % TritonX-
100 for 2 min. Permeabilized cell were blocked in 1 % bovine serum albumin (BSA) in 1x PBS for 
30 min, followed by incubation with a primary antibody recognizing the protein of interest diluted 
in 1% BSA/1x PBS. After several washing steps to remove unbound primary antibody the samples 
were incubated with a suitable fluorescence-labelled secondary antibody for 30 min at room tem-
perature. After repetition of the washing steps coverslips carrying the stained cells were mounted 
upside down on glass plates using ProLong® Gold antifade reagent with DAPI (Invitrogen). The 
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mounted samples were stored over night at 4°C and subsequently examined using a fluorescence 
microscope (Zeiss) equipped with a CAM MR3 camera.

Filtersets:

	 DAPI:	 Filterset 49	 G 365		  FT 395		  BP 445/50

	 EGFP:	 Filterset 38	 BP 470/40	 FT 495		  BP 525/50

	 Cy3:	 Filterset 43HE	 BP 550/25	 FT 570		  BP 605/70

	 Cy 5:	 Filterset 50	 BP 640/30	 FT 660		  BP 690/50

All filtersets were purchased from Zeiss (https://www.micro-shop.zeiss.com/us/us_en/spektral.
php?f=fi)

Cell-based FRET (Förster resonance energy transfer) assay

The FRET method was used to detect protein-protein interactions between two potential interaction 
partners which are co-expressed in mammalian cells. For monitoring the interaction one of the pro-
teins is labeled with a ECFP-tag (donor) and the other with an EYFP-tag (acceptor). Therefore both 
proteins were generated as ECFP-/EYFP fusion proteins.  The ECFP-flourescence can be excited with 
436 nm UV-light and emits light at 485 nm, while EYFP is excited with 485 nm and fluorescence is 
detected at 530 nm. When they are dissociated, the ECFP emission is detected at 485 nm upon the 
excitation. When the donor (ECFP) and acceptor (EYFP) are in proximity (1-10 nm) due to the inter-
action between the fusion proteins, the emitted light from the donor at 485 nm can excite the acceptor 
which results in fluorescence at 530 nm. The emitted fluorescence of EYFP is observed because of the 
intermolecular FRET from the ECFP- to the EYFP-labeled protein. 

HEK293 cells were seeded in 96well cell culture plates (45000 cells/well) and co-transfected 
with pdECFP-DDX24 and pdEYFP-FADD. As negative controls cells were treated either with 
pdECFP-DDX24 and pdEYFP-Amp (empty vector) or with pdEYFP-FADD and pdECFP-Amp. 
Moreover, other cells were transfected with pdECFP-DDX24/pcDNA3.1-β-Gal  or pdEYFP-FADD/
pcDNA3.1-β-Gal as controls for background fluorescence (“ECFP/EYFP correction”). For all 
reactions 2 x 0.1 µg plasmid DNA was transfected. Samples were incubated for 24 hours at 37°C. 

Protein combinations expressed in HEK293 cells:

	 ECFP-DDX24/EYFP-FADD 	 (FRET sample)

	 ECFP-DDX24/EYFP		  (ECFP neg. control)

	 ECFP/EYFP-FADD		  (EYFP neg. control)

	 ECFP-DDX24/ β-Gal		  (ECFP correction)

	 EYFP-FADD/ β-Gal		  (EYFP correction)
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To prove the expression of the fusion proteins fluorescence signals were detected at Ex436nm/
Em485nm (“ECFP485nm”) and at Ex485nm/Em530nm (“EYFP530nm”). For monitoring the interaction 
the FRET signal was detected at Ex436nm/Em530 nm (“FRET530nm”) in a fluorescence plate read-
er (Infinite M200, Tecan). Background signals of non-transfected cells were subtracted in all 
samples. 

Calculation of the FRET efficiency (netFRET)

1. calculation of ECFP-/EYFP correction factors:

ECFP correction factor a =
FRET530nm in ECFP correction

ECFP485nm in ECFP correction

EYFP correction factor b =
FRET530nm in EYFP correction

EYFP530nm in EYFP correction

2. calculation of the netFRET (for FRET sample and neg. controls):

netFRET (RFU) = (FRET530nm - ECFP485nm)   x a    -   EYFP530nm  x b

3. calculation of the fold change in FRET samples:

fold change ECFP =
netFRET in FRET sample

netFRET in ECFP neg. control

fold change EYFP =
netFRET in FRET sample

netFRET in EYFP neg. control
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Abstract / Zusammenfassung

Abstract

Huntington’s disease (HD) is an inherited progressive neurodegenerative disorder which mani-
fests in progressive chorea, dementia and personality changes. The symptoms result from dysfunc-
tion and selective loss of neuronal cells in the striatal regions of the brain, caused by an expansion 
mutation in a polyglutamine sequence in the N-terminus of huntingtin protein (Htt). Proteolyti-
cal cleavage of Htt leads to accumulation of the N-terminal Htt fragments. These form cytoplas-
matic and intranuclear inclusions which cause cellular dysfunction, cytotoxicity and eventually 
cell death. The mechanisms in which mutant Htt activates death signaling are still unclear, but 
key players of the extrinsic and intrinsic apoptosis pathways such as caspases-3/7, -8 and -9 have 
been found to be overexpressed and/or activated in the presence of mutant Htt. This study was 
performed to further elucidate the mechanism by which Htt induces cytotoxicity and apoptosis 
and to investigate proteins which modulate this mechanism.

In a Neuro2a cell system I performed an RNAi screen to identify proteins that modulate cytotox-
icity of a transiently expressed N-terminal Htt fragment (HD320_Q68). 200 proteins were test-
ed, selected based on literature information about biological processes that might influence HD 
pathogenesis. The screen revealed 13 highly reproducible modulators from which 7 were classified 
as toxicity suppressors and 6 as toxicity enhancers. A novel modulator of Htt-induced toxicity 
identified in this study is DDX24, a member of the DEAD-box protein family presumed to be an 
RNA helicase. RNAi experiments targeting DDX24 in a HD PC12 cell model demonstrated that 
DDX24 acts as a toxicity suppressor on Htt-induced caspase-3/7, -8 and -9 activity. Its silencing 
dramatically enhanced activity of the caspases in presence of mutant Htt (Htt103Q-EGFP). This 
effect could be rescued by overexpression of the human DDX24 protein. In addition, mRNA levels 
of DDX24 were upregulated in PC12 cells expressing Htt103Q-EGFP. In control cells expressing a 
wild-type like Htt25Q-EGFP protein no increase in DDX24 mRNA levels was observed. A similar 
result was obtained when mRNA levels in striatal tissue of a HD mouse were compared to the 
wild-type controls; in contrast, DDX24 protein levels were reduced in HD mice. Moreover, I could 
show that DDX24 does not impact caspase activity by exerting influence on Htt expression or ag-
gregation, nor on the degradation of the mutant protein. Rather, an interaction of DDX24 with 
FADD, a key component of death receptor-mediated apoptosis signaling could be demonstrated. 
Additionally, I could show that DDX24 knock-down and FADD overexpression synergistically 
increase Htt-induced caspase-8 and -3 activity. 

These findings suggest a protective role of DDX24 in Htt-induced cytotoxicity by modulating 
death receptor-mediated caspase-8 activation through its interaction with FADD.
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Abstract / Zusammenfassung

Zusammenfassung

Chorea Huntington (HD) ist eine erbliche neurodegenerative Erkrankung, charakterisiert durch 
fortschreitende Chorea, Demenz und Persönlichkeitsveränderungen. Die Symptome werden durch 
einen selektiven Verlust an Neuronen im Striatum hervorgerufen, ausgelöst durch eine abnormale 
Verlängerung in der Polyglutaminsequenz des Huntingtin (Htt) Proteins. Durch proteolytische 
Spaltung von Htt entstehen N-terminale Proteinfragmente, die im Zytoplasma und im Nucleus 
akkumulieren und Einschlusskörper bilden, welche zu zellulärer Dysfunktion, Zytotoxizität und 
Zelltod führen. Es wurde jedoch gezeigt, dass Schlüsselproteine aus verschiedenen Apoptose Sig-
nalwegen, wie beispielsweise die Caspasen-3/7, -8 und -9, in Anwesenheit von mutiertem Htt ver-
stärkt exprimiert und/oder aktiviert werden. 

In einem Neuro2a Zellmodell wurde ein RNAi Screen durchgeführt um Proteine zu identifizieren, 
die die Zytotoxizität eines transient exprimierten N-terminalen Htt Proteins (HD320_Q68) mod-
ulieren. Getestet wurden 200 Proteine, selektiert anhand von Literaturinformationen über biolo-
gische Prozesse, die an der HD Pathogenese beteiligt sind. Im Rahmen des Screens wurden 13 gut 
reproduzierbare Toxizitätsmodulatoren identifiziert, von denen 7 als Toxizitätsunterdrücker und 6 
als Toxizitätsverstärker klassifiziert wurden. Ein neu identifizierter Modulator der Htt-induzierten 
Toxizität ist DDX24, ein Mitglied der DEAD-box Proteinfamilie, für das eine Funktion als RNA 
Helikase vermutet wird. RNAi Experimente, durchgeführt in einem HD PC12 Zellmodell zeigten, 
dass DDX24 toxizitätsunterdrückend wirkt. Die Reduktion der DDX24 Expression durch RNAi 
führte zu einer drastischen Erhöhung der durch mutiertes Htt (Htt103Q-EGFP) hervorgerufenen 
Aktivität von Capase-3, -8 und -9. Dieser Effekt konnte durch die zeitgleiche Überexpression des 
humanen DDX24 ausgeglichen werden.  Darüber hinaus wurden erhöhte Mengen an DDX24 
mRNA in PC12 Zellen gefunden, die toxisches Htt103Q-EGFP Protein exprimierten. In Zellen, in 
denen das dem Wildtyp (Wt) entsprechende Htt25Q-EGFP Protein exprimiert wurde, war hinge-
gen keine Erhöhung der mRNA Menge festzustellen. Eine vergleichbare Erhöhung der DDX24 
mRNA wurde beim Vergleich im Striatum von HD Mäusen gegenüber dem Wildtyp detektiert. 
Im Gegensatz zur mRNA von DDX24 waren die DDX24 Proteinmengen in den HD Mäusen ge-
genüber dem Wildtyp allerdings verringert. Es wurde außerdem gezeigt, dass der Einfluss von 
DDX24 auf die Caspaseaktivität nicht mit einer Modulierung der Expression, der Aggregation 
oder dem Proteinabbau von mutiertem Htt in Verbindung steht. Stattdessen konnte eine Interak-
tion von DDX24 mit FADD, einer Schlüsselkomponente des extrinsischen Apoptosesignalweges 
nachgewiesen werden. Eine Reduktion von DDX24 durch RNAi und die gleichzeitige Überexpres-
sion von FADD fürhten zu einer synergistischen Erhöhung der Caspase-8 und -3 Aktivität. 

Anhand dieser Ergebnisse wird angenommen, dass DDX24 durch seine Interaktion mit FADD 
die rezeptorvermittelte Caspase-8 Aktivität moduliert und damit protektiv auf die Htt-induzierte 
Zytotoxizität wirkt.
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Appendix A: List of abbreviations

°C Degrees Celcius

µg microgram

µl microliter

µM micor molar

µm micrometer

aa amino acid

Abk Name

AD Alzheimer’s disease

ADP adenosine diphosphate

ALS amylotrophic lateral sclerosis

Amp Ampicillin

APS Ammonium persulfate

ATP adenosine triphosphate

bp base pair

BSA Bovine serum albumin

cDNA complementary Desoxiribonucleic acid

Co-IP Co-immunoprecipitation

C-terminus carboxy terminus

DD Death domain

DEAD Asp-Glu-Ala-Asp

DED Death effector domain

DISC death inducing signaling complex

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethylsulfoxide

DNA Desoxiribonucleic acid

DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH

DTT Dithiothreitole

E.coli Escherichia coli

ECFP enhanced cyan fluorescent protein

EDTA ethylenediamine tetraacetic acid

EGFP enhanced gree fluorescent protein

Em emission wavelength

ER endoplasmatic reticulum

Ex excitation wavelength
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EYFP enhanced yellow fluorescent protein

FCS Fetal calf serum

FRET Förster resonance energy transfer

g earth’s gravity

HA haemagglutinin

HD Huntington’s disease

Htt Huntingtin

IF immuno fluorescence

kDa Kilo Dalton

LB Luria broth

LUMIER luminescence-based mammalian interactome mapping

mg milligram

min minutes

ml mililiter

mRNA messenger ribonucleic acid

NGF nerve growth factor

nm nanometer

N-terminus amino terminus

OD optical density

PA Protein A

PBS phospho-buffered saline

PCR polymerase chain reaction

PD Parkinson’s disease

PMSF phenylmethylsulfonyl fluoride

PolyQ polyglutamine

qRT-PCR quantitative real-time polymerase chain reaction

RNA ribonucleic acid

RNAi RNA interference

rpm rotations per minute

rRNA ribosomal ribonucleic acid

SCA spinocerebellar ataxias

SDS sodium dodecyl sulphate

SDS-PAGE
sodium dodecyl sulphate polyacrylamide gel 
electrophoresis

siRNA small interfering ribonucleic acid

TBS tris buffered saline

TBS-T tris buffered saline-tween20
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TEMED
N,N,N’,N’-tetramethylethylenediamine, 
1,2-bis(dimethylamino)-ethane

Tg transgene

TNF tumor necrosis factor

Tris tris(hydroxymethyl)aminomethane

UPS ubiquitin-proteasome system

UV ultraviolet

WB Western blotting

wt wild-type

β-Gal β-Galactosidase
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Appendix B: “p200” onthology list
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1 1111 CHEK1 CHK1 checkpoint homolog (S. pombe) • • • • • • • • • • •
2 11200 CHEK2 CHK2 checkpoint homolog (S. pombe) • • • • • • • • • • •
3 207 AKT1 v-akt murine thymoma viral oncogene 

homolog 1
• • • • • • • • • • • • • • •

4 9212 AURKB aurora kinase B • • • • • •
5 6795 AURKC aurora kinase C • • • • • • •
6 660 BMX BMX non-receptor tyrosine kinase • • • • • • • • • •
7 699 BUB1 BUB1 budding uninhibited by 

benzimidazoles 1 homolog (yeast)
• • • • • •

8 983 cdc2 cell division cycle 2, G1 to S and G2 to M • • • • • • • •
9 1020 CDK5 cyclin-dependent kinase 5 • • • • • • • • • • • • • • •
10 1026 CDKN1A cyclin-dependent kinase inhibitor 1A 

(p21, Cip1)
• • • • • • • • • • • • •

11 1027 CDKN1B cyclin-dependent kinase inhibitor 1B 
(p27, Kip1)

• • • • • • • • • •
12 1263 PLK3 polo-like kinase 3 (Drosophila) • • • • • •
13 1445 CSK c-src tyrosine kinase • • • • • • • •
14 1457 CSNK2A1 casein kinase 2, alpha 1 polypeptide • • • • • • • •
15 1846 DUSP4 dual specificity phosphatase 4 • • • • • • • •
16 2534 FYN FYN oncogene related to SRC, FGR, YES • • • • • • • • • • • •
17 2932 GSK3B glycogen synthase kinase 3 beta • • • • • • • • • • • •
18 3611 ILK integrin-linked kinase • • • • • • • • • • • • •
19 3717 JAK2 Janus kinase 2 (a protein tyrosine 

kinase)
• • • • • • • • • • • • • • •
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20 4067 LYN v-yes-1 Yamaguchi sarcoma viral related 
oncogene homolog

• • • • • •
21 6416 MAP2K4 mitogen-activated protein kinase kinase 

4
• • • • • • • • •

22 4296 MAP3K11 mitogen-activated protein kinase kinase 
kinase 11

• • • • • • • • • • • • • •
23 4217 MAP3K5 mitogen-activated protein kinase kinase 

kinase 5
• • • • • • • • • • •

24 5594 MAPK1 mitogen-activated protein kinase 1 • • • • • • • • • • • • • •
25 6300 MAPK12 mitogen-activated protein kinase 12 • • • • • • • • • • • •
26 5595 MAPK3 mitogen-activated protein kinase 3 • • • • • • • •
27 5599 MAPK8 mitogen-activated protein kinase 8 • • • • • • • • • • • • •
28 5601 MAPK9 mitogen-activated protein kinase 9 • • • • • • • • • • • •
29 85366 MYLK2 myosin light chain kinase 2, skeletal 

muscle
• • • • • • • • • • • •

30 4751 NEK2 NIMA (never in mitosis gene a)-related 
kinase 2

• • • • • • • •
31 5058 PAK1 p21/Cdc42/Rac1-activated kinase 1 

(STE20 homolog, yeast)
• • • • • • • • • • •

32 5062 PAK2 p21 (CDKN1A)-activated kinase 2 • • • • • • • • • •
33 10298 PAK4 p21(CDKN1A)-activated kinase 4 • • • • • • • •
34 5170 PDPK1 3-phosphoinositide dependent protein 

kinase-1
• • • • • • • • • • • •

35 5291 PIK3CB phosphoinositide-3-kinase, catalytic, 
beta polypeptide

• • • • • • • • • • • • •
36 5295 PIK3R1 phosphoinositide-3-kinase, regulatory 

subunit 1 (p85 alpha)
• • • • • • • • •

37 8503 PIK3R3 phosphoinositide-3-kinase, regulatory 
subunit 3 (p55, gamma)

• • • • •
38 65018 PINK1 PTEN induced putative kinase 1 • • • • • • • • • •
39 5347 PLK1 polo-like kinase 1 (Drosophila) • • • • • • • • •
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40 5515 PPP2CA protein phosphatase 2 (formerly 2A), 
catalytic subunit, alpha isoform

• • • • • • • • • • • • •
41 5566 PRKACA protein kinase, cAMP-dependent, 

catalytic, alpha
• • • • • • • • • • • • • •

42 5567 PRKACB protein kinase, cAMP-dependent, 
catalytic, beta

• • • • • • • • • •
43 5568 PRKACG protein kinase, cAMP-dependent, 

catalytic, gamma
• • • • • • • • • • • • •

44 5578 PRKCA protein kinase C, alpha • • • • • • • • • • • • • • •
45 5579 PRKCB1 protein kinase C, beta 1 • • • • • • •
46 5582 PRKCG protein kinase C, gamma • • • • • • • • • •
47 5590 PRKCZ protein kinase C, zeta • • • • • • • • • • • • • •
48 5747 PTK2 PTK2 protein tyrosine kinase 2 • • • • • • • • • • •
49 5879 RAC1 ras-related C3 botulinum toxin 

substrate 1 (rho family, small GTP 
binding protein Rac1)

• • • • • • • • • • • • • •

50 5894 RAF1 v-raf-1 murine leukemia viral oncogene 
homolog 1

• • • • • • • •
51 10769 PLK2 polo-like kinase 2 (Drosophila) • • • • • • • •
52 8878 SQSTM1 sequestosome 1 • • • • • • • • • • • • •
53 10733 PLK4 polo-like kinase 4 (Drosophila) • • • • • • • • •
54 333 APLP1 amyloid beta (A4) precursor-like 

protein 1
• • • • • • • • • •

55 572 BAD BCL2-antagonist of cell death • • • • • • • •
56 55755 CDK5RAP2 CDK5 regulatory subunit associated 

protein 2
• • • • •

57 11190 CEP2 centrosomal protein 2 • • • • •
58 1072 CFL1 cofilin 1 (non-muscle) • • • • • • • • • • • •
59 1822 ATN1 atrophin 1 • • • • • • • •
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60 5217 PFN2 profilin 2 • • • •
61 5829 PXN paxillin • • • • • • • • •
62 6310 ATXN1 ataxin 1 • • • • • •
63 6421 SFPQ splicing factor proline/glutamine-rich 

(polypyrimidine tract binding protein 
associated)

• • • •

64 10580 SORBS1 sorbin and SH3 domain containing 1 • • • • • • • • • •
65 6895 TARBP2 TAR (HIV) RNA binding protein 2 • • • • • • • • • •
66 7429 VIL1 villin 1 • • • • • •
67 7531 YWHAE tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, 
epsilon polypeptide

• • • • • • • • • • • •

68 7534 YWHAZ tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein, 
zeta polypeptide

• • • • • • • • • •

69 7791 ZYX zyxin • • •
70 351 APP amyloid beta (A4) precursor protein 

(peptidase nexin-II, Alzheimer disease)
• • • • • • • • • • • • • • •

71 396 ARHGDIA Rho GDP dissociation inhibitor (GDI) 
alpha

• • • • • • • •
72 2889 RAPGEF1 Rap guanine nucleotide exchange factor 

(GEF) 1
• • • • •

73 3320 HSPCA heat shock 90kDa protein 1, alpha • • • • • • • • • • •
74 8976 WASL Wiskott-Aldrich syndrome-like • • • • • • • •
75 9232 PTTG1 pituitary tumor-transforming 1 • • • • • • •
76 1385 CREB1 cAMP responsive element binding 

protein 1
• • • • • • • • • • • • •

77 2002 ELK1 ELK1, member of ETS oncogene family • •
78 2353 FOS v-fos FBJ murine osteosarcoma viral 

oncogene homolog
• • • • • • • • • •
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79 3725 JUN v-jun sarcoma virus 17 oncogene 
homolog (avian)

• • • • • • • • • • • • • •
80 4790 NFKB1 nuclear factor of kappa light 

polypeptide gene enhancer in B-cells 1 
(p105)

• • • • • • • • • • • •

81 5201 PFDN1 prefoldin 1 • • • • •
82 836 CASP3 caspase 3, apoptosis-related cysteine 

peptidase
• • • • • • • • • • • • •

83 55585 UBE2Q1 ubiquitin-conjugating enzyme E2Q 
(putative) 1

• • • • •
84 7353 UFD1L ubiquitin fusion degradation 1-like • • • • • • • • • •
85 6907 TBL1X transducin (beta)-like 1X-linked • • • • • •
86 10766 TOB2 transducer of ERBB2, 2 • • • • •
87 10844 TUBGCP2 tubulin, gamma complex associated 

protein 2
• • • • • •

88 29979 UBQLN1 ubiquilin 1 • • •
89 1487 CTBP1 C-terminal binding protein 1 • • • • • • •
90 3265 HRAS v-Ha-ras Harvey rat sarcoma viral 

oncogene homolog
• • • • • • • • • • • • •

91 3845 KRAS v-Ki-ras2 Kirsten rat sarcoma viral 
oncogene homolog

• • • • • • • • • • • • • •
92 4893 NRAS neuroblastoma RAS viral (v-ras) 

oncogene homolog
• • • • • • • • • • •

93 5481 PPID peptidylprolyl isomerase D (cyclophilin 
D)

• • •
94 5901 RAN RAN, member RAS oncogene family • • • • • • • • • •
95 6894 TARBP1 TAR (HIV) RNA binding protein 1 • •
96 10524 HTATIP HIV-1 Tat interacting protein, 60kDa • • • • • • • • •
97 9459 ARHGEF6 Rac/Cdc42 guanine nucleotide exchange 

factor (GEF) 6
• • • • • •

98 7454 WAS Wiskott-Aldrich syndrome (eczema-
thrombocytopenia)

• • • • • • • • • • •
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99 7345 UCHL1 ubiquitin carboxyl-terminal esterase L1 
(ubiquitin thiolesterase)

• • • • • • • • • • • •
100 5071 PARK2 Parkinson disease (autosomal recessive, 

juvenile) 2, parkin
• • • • • • • • • • • •

101 10273 STUB1 STIP1 homology and U-box containing 
protein 1

• • • • • • •
102 10277 UBE4B ubiquitination factor E4B (UFD2 

homolog, yeast)
• • • • • • • •

103 267 AMFR autocrine motility factor receptor • • • • • • • • • •
104 5728 PTEN phosphatase and tensin homolog 

(mutated in multiple advanced cancers 
1)

• • • • • • • • • • • • • • •

105 5499 PPP1CA protein phosphatase 1, catalytic subunit, 
alpha isoform

• • • • • •
106 5770 PTPN1 protein tyrosine phosphatase, non-

receptor type 1
• • • • • • • •

107 5800 PTPRO protein tyrosine phosphatase, receptor 
type, O

• • • • •
108 1398 CRK v-crk sarcoma virus CT10 oncogene 

homolog (avian)
• • • • • •

109 10163 WASF2 WAS protein family, member 2 • • • • • • • • • •
110 10142 AKAP9 A kinase (PRKA) anchor protein 

(yotiao) 9
• • • •

111 2885 GRB2 growth factor receptor-bound protein 2 • • • • • • • • • • •
112 8440 NCK2 NCK adaptor protein 2 • • • • • • • • • • •
113 10140 TOB1 transducer of ERBB2, 1 • • • • • • • •
114 4035 LRP1 low density lipoprotein-related protein 1 

(alpha-2-macroglobulin receptor)
• • • • • • • • • •

115 3164 NR4A1 nuclear receptor subfamily 4, group A, 
member 1

• • • • • • •
116 6772 STAT1 signal transducer and activator of 

transcription 1, 91kDa
• • • • • • • • • • • •

117 1499 CTNNB1 catenin (cadherin-associated protein), 
beta 1, 88kDa

• • • • • • • • • • • • • •
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118 27229 76P gamma tubulin ring complex protein 
(76p gene)

• • • • •
119 10095 ARPC1B actin related protein 2/3 complex, 

subunit 1B, 41kDa
• • • • •

120 857 CAV1 caveolin 1, caveolae protein, 22kDa • • • • • • • • • • • • • •
121 4771 NF2 neurofibromin 2 (bilateral acoustic 

neuroma)
• • • • • • • • • • •

122 10426 TUBGCP3 tubulin, gamma complex associated 
protein 3

• • • •
123 6804 STX1A syntaxin 1A (brain) • • • • • • •
124 6857 SYT1 synaptotagmin I • • • • • • • •
125 387 RHOA ras homolog gene family, member A • • • • • • • • • • • •
126 10092 ARPC5 actin related protein 2/3 complex, 

subunit 5, 16kDa
• • • • •

127 1386 ATF2 activating transcription factor 2 • • •
128 546 ATRX alpha thalassemia/mental retardation 

syndrome X-linked (RAD54 homolog, S. 
cerevisiae)

• • • • • • • • •

129 10950 BTG3 BTG family, member 3 • •
130 9184 BUB3 BUB3 budding uninhibited by 

benzimidazoles 3 homolog (yeast)
• • • • • •

131 991 cdc20 CDC20 cell division cycle 20 homolog 
(S. cerevisiae)

• • • • • •
132 998 CDC42 cell division cycle 42 (GTP binding 

protein, 25kDa)
• • • • • • • •

133 11064 CEP1 centrosomal protein 1 •
134 27185 DISC1 disrupted in schizophrenia 1 • • • • •
135 595 CCND1 cyclin D1 (PRAD1: parathyroid 

adenomatosis 1)
• • • • • • • • • • •

136 2059 EPS8 epidermal growth factor receptor 
pathway substrate 8

• • • • • • •
137 9638 FEZ1 fasciculation and elongation protein 

zeta 1 (zygin I)
• • • • • •
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138 9737 GPRASP1 G protein-coupled receptor associated 
sorting protein 1

139 8379 MAD1L1 MAD1 mitotic arrest deficient-like 1 
(yeast)

• • •
140 4085 MAD2L1 MAD2 mitotic arrest deficient-like 1 

(yeast)
• • • • • •

141 3303 HSPA1A heat shock 70kDa protein 1A • • • • • • •
142 3315 HSPB1 heat shock 27kDa protein 1 • • • • • • • • •
143 8481 OFD1 oral-facial-digital syndrome 1 • • • • •
144 11315 PARK7 Parkinson disease (autosomal recessive, 

early onset) 7
• • • • • • • • •

145 5216 PFN1 profilin 1 • • • • • •
146 4478 MSN moesin • • •
147 6203 RPS9 ribosomal protein S9 • • • •
148 6455 SH3GL1 SH3-domain GRB2-like 1 • • • • • • • • •
149 6622 SNCA synuclein, alpha (non A4 component of 

amyloid precursor)
• • • • • • • • • • • • • •

150 5881 RAC3 ras-related C3 botulinum toxin 
substrate 3 (rho family, small GTP 
binding protein Rac3)

• • • • • • •

151 10048 RANBP9 RAN binding protein 9 • • • • • •
152 160 AP2A1 adaptor-related protein complex 2, alpha 

1 subunit
• • • • •

153 161 AP2A2 adaptor-related protein complex 2, alpha 
2 subunit

• • • • •
154 166 AES amino-terminal enhancer of split • • • • • • • • •
155 1400 CRMP1 collapsin response mediator protein 1 • • • • • •
156 1627 DBN1 drebrin 1 • • • • • • • •
157 1808 DPYSL2 dihydropyrimidinase-like 2 • • • • • • •
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158 3301 DNAJA1 DnaJ (Hsp40) homolog, subfamily A, 
member 1

• • • • • • • •
159 3337 DNAJB1 DnaJ (Hsp40) homolog, subfamily B, 

member 1
• • • • • •

160 4957 ODF2 outer dense fiber of sperm tails 2 • • • •
161 5121 PCP4 Purkinje cell protein 4 • • • •
162 84335 AKT1S1 AKT1 substrate 1 (proline-rich) • • • • • • • • • • •
163 6620 SNCB synuclein, beta • • • •
164 7408 VASP vasodilator-stimulated phosphoprotein • • • • • •
165 7415 VCP valosin-containing protein • • • • • • • • • • • •
166 7802 DNALI1 dynein, axonemal, light intermediate 

polypeptide 1
• • •

167 9627 SNCAIP synuclein, alpha interacting protein 
(synphilin)

• • • • • • •
168 9637 FEZ2 fasciculation and elongation protein 

zeta 2 (zygin II)
• • • • • • •

169 9788 MTSS1 metastasis suppressor 1 • • • • •
170 10190 TXNDC9 thioredoxin domain containing 9

171 10542 HBXIP hepatitis B virus x interacting protein • • • • • •
172 10989 IMMT inner membrane protein, mitochondrial 

(mitofilin)
•

173 23385 NCSTN nicastrin • • • • • • •
174 23216 TBC1D1 TBC1 (tre-2/USP6, BUB2, cdc16) 

domain family, member 1
• • • •

175 29924 EPN1 epsin 1 • •
176 51003 MED31 mediator of RNA polymerase II 

transcription, subunit 31 homolog 
(yeast)

• •

177 55125 Cep192 centrosomal protein 192 kDa •
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178 55211 DPPA4 developmental pluripotency associated 
4

179 55339 WDR33 WD repeat domain 33 • • • • •
180 55666 NPL4 nuclear protein localization 4 • • • •
181 55722 Cep72 centrosomal protein 72 kDa • • • • •
182 55968 NSFL1C NSFL1 (p97) cofactor (p47)

183 56927 GPR108 G protein-coupled receptor 108

184 57062 DDX24 DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 24

• •
185 57562 KIAA1377 KIAA1377 protein

186 65265 C8orf33 chromosome 8 open reading frame 33

187 79902 PCNT1 pericentrin 1 • • • • • •
188 80254 Cep63 centrosome protein Cep63 • • • • • • • • •
189 81847 RNF146 ring finger protein 146

190 84289 ING5 inhibitor of growth family, member 5 • • • • • •
191 85300 ATCAY ataxia, cerebellar, Cayman type 

(caytaxin)
•

192 85378 TUBGCP6 tubulin, gamma complex associated 
protein 6

• • • •
193 114928 GPRASP2 G protein-coupled receptor associated 

sorting protein 2

194 116983 CENTB5 centaurin, beta 5 • • • •
195 120892 LRRK2 leucine-rich repeat kinase 2 • • • • • • • •
196 207 AKT1 v-akt murine thymoma viral oncogene 

homolog 1
• • • • • • • • • • • • • • •

197 28964 GIT1 G protein-coupled receptor kinase 
interactor 1

• • • • • •
198 9815 GIT2 G protein-coupled receptor kinase 

interactor 2
• • • •
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199 2861 GPR37 G protein-coupled receptor 37 
(endothelin receptor type B-like)

• • •
200 5291 PIK3CB Phosphatidylinositol-4,5-bisphosphate 

3-kinase catalytic subunit beta isoform 
• • • • • • • • • • • •
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Appendix C: Result of “p200 screen”

Empty cells indicate that a target participated in screen, but was not identified as hit (x-fold change 
in toxicity below 0.8 or above 1.3, see Chapter 2.1.1). 

*) target not included in subset screen

x-fold change in  toxicity
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3 60 5217 PFN2 0,48 0,20 0,40 *) 0,36 0,12
3 95 6894 TARBP1 2,59 2,00 *) 3,15 2,58 0,47
3 133 11064 CEP1 0,67 0,58 0,55 *) 0,60 0,05
3 140 4085 MAD2L1 1,89 1,39 *) 1,49 1,59 0,22
3 172 10989 IMMT 2,08 1,63 1,42 1,71 0,27
3 184 57062 DDX24 0,75 0,79 0,62 *) 0,72 0,07
3 189 81847 RNF146 0,63 0,63 0,48 *) 0,58 0,07
2 13 1445 CSK 1,72 0,76 *) 1,24 0,48
2 22 4296 MAP3K11 0,66 0,56 *) 0,61 0,05
2 52 8878 SQSTM1 1,33 1,52 *) 1,43 0,09
2 65 6895 TARBP2 2,12 1,54 *) *) 1,83 0,29
2 73 3320 HSPCA 1,48 0,72 *) *) 1,10 0,38
2 76 1385 CREB1 1,32 0,64 *) *) 0,98 0,34
2 115 3164 NR4A1 3,71 2,87 *) 3,29 0,42
2 119 10095 ARPC1B 2,24 2,12 *) 2,18 0,06
2 120 857 CAV1 0,75 1,50 *) 1,12 0,37
2 125 387 RHOA 1,54 0,74 *) *) 1,14 0,40
2 148 6455 SH3GL1 0,74 0,67 0,70 0,03
1 1 1111 CHEK1 1,33 *) *) 1,33
1 2 11200 CHEK2 1,31 *) *) 1,31
1 3 207 AKT1 0,68 *) *) 0,68
1 6 660 BMX 2,42 *) *) 2,42
1 8 983 cdc2 0,51 *) 0,51
1 10 1026 CDKN1A 1,60 *) 1,60
1 11 1027 CDKN1B 1,93 *) *) 1,93
1 14 1457 CSNK2A1 2,72 *) *) 2,72
1 15 1846 DUSP4 1,40 *) *) 1,40
1 16 2534 FYN 0,33 *) 0,33
1 18 3611 ILK 1,59 *) 1,59
1 19 3717 JAK2 1,56 *) *) 1,56
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1 20 4067 LYN 1,93 *) *) 1,93
1 23 4217 MAP3K5 1,75 *) *) 1,75
1 25 6300 MAPK12 1,68 *) *) 1,68
1 26 5595 MAPK3 1,58 *) *) 1,58
1 28 5601 MAPK9 1,35 *) *) 1,35
1 29 85366 MYLK2 1,98 *) *) 1,98
1 31 5058 PAK1 1,69 *) *) 1,69
1 32 5062 PAK2 1,64 *) *) 1,64
1 38 65018 PINK1 1,35 1,35
1 39 5347 PLK1 1,41 *) 1,41
1 47 5590 PRKCZ 1,38 *) 1,38
1 48 5747 PTK2 0,50 *) 0,50
1 49 5879 RAC1 1,34 1,34
1 50 5894 RAF1 1,37 *) 1,37
1 51 10769 PLK2 0,79 *) 0,79
1 57 11190 CEP2 1,50 *) *) 1,50
1 58 1072 CFL1 0,57 *) 0,57
1 62 6310 ATXN1 0,47 *) *) 0,47
1 66 7429 VIL1 *) 0,69 0,69
1 68 7534 YWHAZ 0,41 *) *) 0,41
1 71 396 ARHGDIA 0,58 *) *) 0,58
1 72 2889 RAPGEF1 0,51 *) 0,51
1 74 8976 WASL 2,39 *) *) 2,39
1 77 2002 ELK1 1,56 *) *) 1,56
1 78 2353 FOS 0,63 0,63
1 79 3725 JUN 1,93 *) *) 1,93
1 80 4790 NFKB1 0,28 *) 0,28
1 81 5201 PFDN1 1,33 *) *) 1,33
1 86 10766 TOB2 3,00 *) *) 3,00
1 87 10844 TUBGCP2 1,45 *) *) 1,45
1 88 29979 UBQLN1 2,32 *) *) 2,32
1 89 1487 CTBP1 1,61 *) *) 1,61
1 90 3265 HRAS 2,65 *) *) 2,65
1 91 3845 KRAS 1,98 *) *) 1,98
1 100 5071 PARK2 1,57 *) *) 1,57
1 101 10273 STUB1 1,81 *) *) 1,81
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x-fold change in  toxicity
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1 103 267 AMFR 1,59 *) *) 1,59
1 107 5800 PTPRO 1,87 *) *) 1,87
1 111 2885 GRB2 0,74 *) *) 0,74
1 112 8440 NCK2 2,59 *) *) 2,59
1 113 10140 TOB1 1,34 *) 1,34
1 114 4035 LRP1 1,33 *) 1,33
1 118 27229 76P 1,59 *) *) 1,59
1 121 4771 NF2 2,09 *) 2,09
1 122 10426 TUBGCP3 0,63 *) 0,63
1 124 6857 SYT1 0,59 *) 0,59
1 127 1386 ATF2 1,82 *) *) 1,82
1 129 10950 BTG3 1,86 *) *) 1,86
1 130 9184 BUB3 1,78 *) *) 1,78
1 132 998 CDC42 1,49 *) *) 1,49
1 135 595 CCND1 0,74 *) *) 0,74
1 136 2059 EPS8 0,71 *) *) 0,71
1 137 9638 FEZ1 0,69 *) *) 0,69
1 138 9737 GPRASP1 0,61 *) 0,61
1 139 8379 MAD1L1 0,78 *) 0,78
1 141 3303 HSPA1A 2,31 *) *) 2,31
1 142 3315 HSPB1 2,78 *) *) 2,78
1 151 10048 RANBP9 1,41 *) *) 1,41
1 153 161 AP2A2 2,42 *) *) 2,42
1 154 166 AES 1,93 *) *) 1,93
1 156 1627 DBN1 1,92 *) *) 1,92
1 157 1808 DPYSL2 2,91 *) *) 2,91
1 158 3301 DNAJA1 1,33 *) *) 1,33
1 160 4957 ODF2 2,60 *) *) 2,60
1 161 5121 PCP4 1,70 *) *) 1,70
1 162 84335 AKT1S1 0,41 *) 0,41
1 167 9627 SNCAIP 2,08 *) *) 2,08
1 169 9788 MTSS1 1,30 *) *) 1,30
1 170 10190 TXNDC9 2,55 *) *) 2,55
1 171 10542 HBXIP 2,43 *) *) 2,43
1 173 23385 NCSTN 1,74 *) 1,74
1 174 23216 TBC1D1 1,36 *) 1,36
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x-fold change in  toxicity
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1 178 55211 DPPA4 1,57 *) *) 1,57
1 179 55339 WDR33 1,86 *) *) 1,86
1 181 55722 Cep72 1,34 *) *) 1,34
1 183 56927 GPR108 1,57 *) *) 1,57
1 187 79902 PCNT1 0,78 *) 0,78
1 192 85378 TUBGCP6 *) 0,76 0,76
1 193 114928 GPRASP2 2,25 *) *) 2,25
1 196 207 AKT1 0,67 *) 0,67
0 4 9212 AURKB *) *)
0 5 6795 AURKC *) *)
0 7 699 BUB1 *) *)
0 9 1020 CDK5 *) *)
0 12 1263 PLK3 *)
0 17 2932 GSK3B *) *)
0 21 6416 MAP2K4 *)
0 24 5594 MAPK1 *) *)
0 27 5599 MAPK8 *) *)
0 30 4751 NEK2 *) *)
0 33 10298 PAK4 *) *)
0 34 5170 PDPK1 *) *)
0 35 5291 PIK3CB *) *)
0 36 5295 PIK3R1 *) *)
0 37 8503 PIK3R3 *) *)
0 40 5515 PPP2CA *) *)
0 41 5566 PRKACA *) *)
0 42 5567 PRKACB *) *)
0 43 5568 PRKACG *) *)
0 44 5578 PRKCA *) *)
0 45 5579 PRKCB1 *) *)
0 46 5582 PRKCG *)
0 53 10733 PLK4 *)
0 54 333 APLP1 *)
0 55 572 BAD *) *)
0 56 55755 CDK5RAP2 *) *)
0 59 1822 ATN1 *) *)
0 61 5829 PXN *) *)
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x-fold change in  toxicity
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0 63 6421 SFPQ *)
0 64 10580 SORBS1 *) *)
0 67 7531 YWHAE *) *)
0 69 7791 ZYX *) *)
0 70 351 APP *) *)
0 75 9232 PTTG1 *) *)
0 82 836 CASP3 *)
0 83 55585 UBE2Q1 *) *)
0 84 7353 UFD1L *) *)
0 85 6907 TBL1X *) *)
0 92 4893 NRAS *) *)
0 93 5481 PPID *) *)
0 94 5901 RAN *) *)
0 96 10524 HTATIP *) *)
0 97 9459 ARHGEF6 *) *)
0 98 7454 WAS *) *)
0 99 7345 UCHL1 *) *)
0 102 10277 UBE4B *) *)
0 104 5728 PTEN *) *)
0 105 5499 PPP1CA *) *)
0 106 5770 PTPN1 *)
0 108 1398 CRK *)
0 109 10163 WASF2 *) *)
0 110 10142 AKAP9 *) *)
0 116 6772 STAT1 *)
0 117 1499 CTNNB1 *)
0 123 6804 STX1A *) *)
0 126 10092 ARPC5 *)
0 128 546 ATRX *) *)
0 131 991 cdc20 *)
0 134 27185 DISC1 *) *)
0 143 8481 OFD1 *)
0 144 11315 PARK7 *) *)
0 145 5216 PFN1 *)
0 146 4478 MSN *) *)
0 147 6203 RPS9 *) *)
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x-fold change in  toxicity
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0 149 6622 SNCA *) *)
0 150 5881 RAC3 *) *)
0 152 160 AP2A1 *) *)
0 155 1400 CRMP1 *)
0 159 3337 DNAJB1 *) *)
0 163 6620 SNCB *) *)
0 164 7408 VASP *) *)
0 165 7415 VCP *) *)
0 166 7802 DNALI1 *)
0 168 9637 FEZ2 *) *)
0 175 29924 EPN1 *) *)
0 176 51003 MED31 *) *)
0 177 55125 Cep192 *) *)
0 180 55666 NPL4 *)
0 182 55968 NSFL1C *) *)
0 185 57562 KIAA1377 *) *)
0 186 65265 C8orf33 *) *)
0 188 80254 Cep63 *)
0 190 84289 ING5 *) *)
0 191 85300 ATCAY *) *)
0 194 116983 CENTB5 *) *)
0 195 120892 LRRK2 *)
0 197 28964 GIT1 *) *)
0 198 9815 GIT2 *) *)
0 199 2861 GPR37 *) *)
0 200 5291 PIK3CB *) *)
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Appendix D: Plasmid maps

A.1	 pTL1-HA-D48

A.2	 pc-myc-CMV-D12
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A.4	 pFire-V5-DM

A.5	 pPA-Reni-DM
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A.5	 pdECFP-amp

A.6	 pdEYFP-Amp
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