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Assessment of the Role of Clusterin/Apolipoprotein J in Cellular Homeostasis 

Philipp Rohne, Dipl.-Biol. 

Abstract 

Clusterin (CLU) is a highly glycosylated extracellular chaperone with a nearly ubiquitous 

expression in vertebrates and tissues. Since its discovery more than three decades ago, 

especially the secretory form of CLU (sCLU) was considered being a cytoprotective protein 

with high correlation to certain diseases, such as cancer, atherosclerosis and Alzheimer’s 

disease. Despite of intense research activity (almost 2500 articles in PubMed), its exact role 

in diseases is still unknown. This thesis focuses primarily on the role of sCLU in the cellular 

homeostasis and proteostasis. Underlying important properties of human sCLU are the 

glycosylation and the proteolytic cleavage into two separate chains held together by disulfide 

bonds. Therefore, at first the role of these structural properties on the folding and chaperone 

activity of sCLU will be addressed. This will be predominately conducted by using human 

and mouse sCLU. In this context, it will be further assessed in which way CLU is conserved 

among the animal kingdom and whether the CLU protein indeed can be considered as a 

conserved secretory molecular chaperone. Based on findings concerning the chaperone 

activity of sCLU, a potential role in cell biology will be addressed. Noticeable, in past studies 

an elevated abundance of CLU and sCLU was identified by virtue of its occurrence in 

pathologies with uncontrolled or detrimental cell death, such as in ischemia, inflammation or 

wounding. The second section therefore investigates the expression of CLU in an in vitro 

necrosis model to understand its function in harmful cellular settings. Intriguingly, this 

approach led to new insights concerning CLU’s role in the unfolded protein response (UPR) 

and revealed CLUs’ interplay with various proteostatic pathways. Moreover, a new cellular 

mechanism called Necrosis-induced Proliferation (NiP) will be proposed, which might have 

important implications for treatment of cancer. In summary, this thesis discusses basic 

aspects of CLU biochemical and cell biological properties to understand its role in death and 

disease.  
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1 Introduction 

 

1.1 Clusterin (CLU): Discovery of a multifaceted glycoprotein 
 

The first hit of the term „clusterin“ in PubMed was found in the year 1979 in a study which 

characterized a glycoprotein in the salvia shown to aggregate Streptococcus sangius [1]. 

However, the first occurrence of the word “clusterin” in an article is from 1983. In this year 

two studies have found a cell-aggregating factor in the rete testis fluid of the ram and 

characterized it as an 80 kDa glycoprotein terming it clusterin (CLU) [2, 3]. In the following 

years, further groups independently found CLU in various contexts leading to an 

extensive repertoire of names, such as glycoprotein of 80 kDa (gp80) [4], complement 

lysis inhibitor (CLI) [5], testosterone repressed message-2 (TRPM-2) [6] or 

apolipoprotein J (apoJ) [7]. However, to prevent confusion in 1992 the name clusterin 

(CLU) was generally accepted [8].  

 

1.2 Human CLU: Biosynthesis 
 

In humans, the clu gene is located on the p-arm of chromosome 8 at the location 

8p21-p12 as a single-copy gene [9, 10]. From this gene, at least three transcript variants 

are known [11]. These transcripts all bear exon 2 to 9 but have alternative exon 1 (1a, 1b 

and 1c). Located on exon 2 is the so-called signal sequence coding region (SSCR). This 

region consists of an endoplasmic reticulum (ER) leader sequence (ER leader) with a 

double AUG acting as an upstream translation start site. Originating at this area, CLU 

follows the canonical pathway of secretory proteins [12]. The preproprotein consists 

449 amino acids (aa) including the 22 aa ER leader sequence which is cleaved off after 

entering the ER. Within the ER four to five disulfide bonds are formed [13] and an N-linked 

core glycosylation occurs at six asparagine residues generating the so-called 

presecretory CLU (psCLU) [4, 14, 15]. Subsequently, psCLU is transferred to the Golgi 

apparatus (Golgi) and complex carbohydrate moieties are attached. These carbohydrate 

moieties are composed of galactose, fucose, mannose, N-acetylglucosamine and 

N-acetylneuraminic acid, and differ in a tissue-dependent manner [14, 16]. Eventually, 

the resulting approximately 80 kDa protein is cleaved by a furin-like proprotein convertase 

(FC) between Arg227 and Ser228 at the recognition site RIVR|S resulting in an N-terminal 

α-chain and a C-terminal β-chain [17]. Finally, the heterodimeric glycoprotein with 

40-45 kDa per chain is secreted from the cell, representing secretory clusterin (sCLU). 

Importantly, under conditions of cellular stress or in malign transformed cells, intracellular 

CLU forms are occasionally emerging. These intracellular CLU forms are either the result 

of failed translocation, alternative splicing of exon 2 or were translated from alternative 



Introduction 

- 2 - 
 

  

translation initiation start sites [11]. Further, under ER stress conditions the ER key 

chaperone BiP (GRP78) is able to retrotranslocate CLU forms residing in the ER or Golgi 

back into the cytosol [18]. An overview of CLU expression and maturation is depicted in 

Fig.1.  

 

 

Fig.1 CLU biosynthesis adapted from [19]. SSCR signal sequence coding region; FC furin-like proprotein convertase 
cleavage site; BiP Binding immunoglobulin protein. Further details see text above.   

 

1.3 Human CLU: Structure 
 

CLU is considered to be a so-called intrinsically misfolded protein [20]. The advantage of 

intrinsically misfolded proteins is a broad spectrum of potential client proteins since they 

are feasible to adjust to various structures. This notion holds true for sCLU which was 

eventually described as the first extracellular chaperone found in 1999 [21]. In numerous 

studies, it was confirmed that CLU binds different proteins while they are in their off-folding 

pathway in an ATP-independent manner, such as insulin, catalase, GST, albumin, 

lysozyme, ovotransferrin, alcohol dehydrogenase, IgG, γ-crystalline and many more [21-

23]. Structural predictions revealed that CLU bears at least five amphipathic α-helices 

where two of them are located at the C- and the N-terminus, which are conserved among 

humans, rats and bovine [24]. Further, the CLU protein has wide stretches of disordered 

regions, especially at the C- and N-terminus, and a partially increased hydrophobicity 

which is compensated by up to 30% glycosylation [12, 21, 24]. An overview of basic 

structural elements can be found in Fig.2. 
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                            Fig.2 CLU structural properties, disorder and hydrophobicity adapted from [21, 24-26].  

 

From these findings, it was suggested that CLU interacts via its amphipathic α-helices 

with mainly hydrophobic molecules [21]. A confirmation for a distinct binding model 

however is pending due to a lack of reliable X-ray structures or NMR data thus far [23, 

27]. The reason for the lack of structural data relies on the aggregating nature of CLU. 

CLU tends to oligomerize with itself by forming di-, tetra and higher oligomers depending 

on the pH-value [2, 22, 23, 28, 29]. In combination with ligands such as fibrinogen, CLU 

even forms high molecular weight complexes (HMWC) up to 40,000 kDa [29]. 

Additionally, the complex and heterogeneous glycosylation pattern of CLU renders 

structural data hard to obtain [14, 16]. Moreover, even findings from CD spectra analysis 

are not consistent with studies ranging from 25% to 43% α-helices, 16% to 23% β-sheets, 

14% to 20% β-turns and 26% to 31% random coils or disordered regions [28-31]. 

Moreover, it is still contentious or unclear which influence the glycosylation and the 

proteolytic cleavage have on structure and chaperone activity [31].  
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1.4 Murine CLU 
 

Even though mice are common model animals to study a plethora of biological aspects 

(for instance by generating knockout mice), the biochemical characterization of murine 

CLU has not been made yet. As in the case of humans, clu is a single-copy gene in mice. 

It is encoded on chromosome 14 at location 14qD1 and spans about 13,066 bp 

(NC_000080.6 [65968483..65981548]) [32]. In contrast to humans, there is only one 

mRNA variant known (NM_013492.3). Mouse CLU mRNA contains about 1,832 bp and 

is therefore 1,045 bp shorter than the comparable human CLU mRNA variant 1 

(NM_001831.3). On the protein level, however, they show an identity of about 77% 

(Needleman-Wunsch alignment of two sequences with full-length CLU of mouse and 

human). Intriguingly, it is known that human and rat CLU have a comparable order of their 

basic structural elements (Fig. 3), namely amphipathic helices and disordered regions 

[24], FC recognition site [7], cysteine-rich regions [13], and have also an identity in the aa 

sequence of about 77% (see above).  

 

 
Fig.3 Comparison of the aa sequence of rat (NP_444180.2) and human (NP_001822.3) full-length CLU based on 

findings of [7, 13, 14, 21, 24, 25] using a Needleman-Wunsch alignment (NCBI). SSCR signal sequence coding region; 

yellow: amphipathic α-helices; green: cysteine-rich regions; orange: furin-like proprotein convertase recognition site; 

red: N-glycosylation sites.  
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Only the glycosylation sites differ between humans and rats [7, 14, 24]. Furthermore, just 

as human CLU, rat CLU has been found at highest concentrations in semen and on sperm 

cells [33-38]. Moreover, rat CLU also has complement inhibitory activity such as human 

CLU [5, 34]. However, it was never investigated whether mouse CLU has the same 

properties as rat CLU (Identity between rat and mouse in aa sequence is 93%). If mouse 

CLU has a similar structure and function as human CLU, it would be an indication that the 

conserved features indeed are involved in verified CLU functions, such as complement 

inhibition or chaperone activity. 

 

1.5 Regulation of CLU expression 

The human clu gene promoter (NC_000008.11 [27596917..27616717]) consists of 

multiple potential and confirmed binding sites for transcription factors and other regulatory 

elements. Intriguingly, beside the TATA box there are at least two binding sites which are 

associated with cellular stress conditions, namely CLE (clusterin element) [39, 40] and 

the AP-1 (activator protein-1) binding site [39, 41]. Additionally, a B-MYB binding site was 

also confirmed [42] (Fig.4).  

 

 

Fig.4 Schematic depiction of confirmed binding sites within the human clu gene promoter based on previous findings 

[11, 39, 40, 42]. +1 indicates the transcriptions start site of CLU variant 1. The red arrow indicates the base which is 

different from CLE (clusterin element) to the conserved heat shock element (HSE) (T/C). 

 

CLE is a homologue to the highly-conserved consensus sequence HSE (heat shock 

element) that differs only in one base (red arrow Fig.4) but still serves as an efficient 

binding site for HSFs during a heat shock response [39, 40]. The AP-1 binding site for its 

part, is recognized by multifaceted transcription factors, namely Jun, Fos, Maf and ATF 

[43]. Upon various stimuli, these transcription factors dimerize, forming homo- and 

heterodimers. Possible inducers are, among others cytokines and neurotransmitters [43] 

but also physical and chemical stresses, such as UV light [44] or oxidative stress [45]. 

B-MYB is a transcription factor which belongs to the oncogenic MYB family which is 

involved in cell survival, proliferation and differentiation [46]. Apart from the 

well-investigated binding sites, additional elements were found as listed below (Tab.1).  
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Tab.1 Additional regulatory elements within the clu gene promoter. 

Transcription factor(s) Binding site(s) Species found/predicted Reference 

AP-1 AP-2 Rattus norvegicus [47] 

TCF-1 TCF-1 Homo sapiens [48] 

YB-1; Twist1; SREBP-1c E-box Homo sapiens [49-51] 

SP1 SP1 Mus musculus; Rattus norvegicus, 

Homo sapiens 

[39, 47, 52] 

NF-κB NF-κB response element Mus musculus [53] 

CBF CBF Rattus norvegicus [54] 

GRE GRE Rattus norvegicus [55] 

CRE CRE Rattus norvegicus [55] 

HIF-1a HREs Homo sapiens [56] 

AR AREs Homo sapiens [57] 

 

Additionally, to cis-regulatory elements, epigenetic modifications were reported within the 

clu gene. In humans, at least two CpG-rich methylation domains were reported upstream 

and downstream of the transcription start site of variant 1 [52, 58, 59]. The amount of 

methylation within prostate cancer cells varies from about 10% up to 50% [58]. In a recent 

study, it was shown that the expression of CLU is elevated upon DNA demethylation and 

histone acetylation, especially of a promoter region located upstream of the transcription 

start site of variant 1 [59]. Similar observations were made in neural cells [60] and retinal 

pigment epithelial cells [61].  

The complexity of multiple promotor elements as well as the superior epigenetic 

modifications underlie the complex nature of CLU. Therefore, this thesis will mainly 

highlight the role of the stress-related promoter regions, especially of AP-1. 
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1.6 CLU, its biological function(s) and role in diseases 
 

1.6.1 Multifaceted functions of a single protein? 

 

For years, since its discovery, CLU has been implicated to be involved in a plethora of 

various biological roles. The extracellular form, sCLU, is among others involved in tissue- 

and cytoprotective mechanisms such as complement inhibition [5], sperm maturation [62], 

lipid trafficking [7, 63], tissue remodeling [64], membrane recycling [65], removal of 

cellular debris, misfolded proteins [16, 65-69] (mediated by DC-SIGN, scavenger & 

LDL receptors) and apoptotic cells [70], signal transduction via the ERK1/2 [71] and 

PI3K/AKT [72] pathways, cell-cell interaction [73], protection against oxidative stress and 

heat stress [74], the clearance of Aβ [75], protection of the ocular surface [76] and many 

more, as well as interaction with foreign molecules such as nanoparticles [77, 78]. On the 

other side, intracellular CLU forms are reported to be involved in both cell death [79] and 

survival [80]. However, despite the abundance of various potential functions a distinct 

mechanism of CLU action is still missing. Moreover, plenty mechanisms as listed above 

are still contentious, e.g. the complement inhibition only holds true at very high sCLU 

concentrations under physiological conditions [81]. Furthermore, the signal transducing 

activity of CLU has never been distinguished from potential side effects. Additionally, the 

concentration of sCLU applied in some studies is below the average concentration in 

human tissues. For instance, on astrocytes an effect was obtained after application of 

1 ng/mL sCLU [71], but the concentration of sCLU within cerebrospinal fluid is between 

100 ng/mL to 10 µg/mL [82]. Nevertheless, even the term apoJ is still challenging due to 

sCLU accounting for only 2% of plasma HDL, indicating a potential unspecific interaction 

[7]. Moreover, especially the role of unglycosylated intracellular CLU forms is very 

contentious as reviewed previously [19].  

 

1.6.2 CLU a key player in diseases? 

 
In accordance with numerous potential functions, CLU has been found to be involved in 

various pathological conditions. Predominately, CLU is associated with 

amyloidosis-related pathologies such as Alzheimer’s disease (AD). It was suggested that 

sCLU binds Aβ and facilitates its removal across the blood brain barrier mediated by 

LRP2/megalin [75, 83]. Furthermore, it has been shown that sCLU prevents Aβ 

aggregation but in turn stabilizes Aβ fibers once they are established. These actions are 

dependent on the ratio of CLU to substrate proteins whereby a low CLU to Aβ ratio 

promotes Aβ oligomerization [84]. Based on various laboratory findings, multiple clinical 

and genomic studies have been undertaken to confirm CLU as a risk factor and/or 



Introduction 

- 8 - 
 

  

biomarker for AD. As reviewed recently, a hint for a clear role of CLU in AD has not yet 

been verified [85].  

Another prominent clinical CLU research field is its involvement in cancer. For almost 

25 years, CLU has been found to correlate with the occurrence of cancer and poor 

prognosis. Noteworthy, is its role in prostate cancer [86], breast cancer [87], colorectal 

cancer [88], pancreatic cancer [89], ovarian cancer [90], hepatocellular carcinoma [91], 

renal cell carcinoma [92], lung cancer [93] and various other cancer types. In cancer 

disease, CLU seems to be primarily involved in chemoresistant mechanisms e.g. by 

inducing prosurvival or proliferatory signal transduction pathways [72, 94, 95], 

enhancement of metastasis by increased MMP9 expression [96], by preventing 

BAX-mediated apoptosis [97] and even by interacting with chemotherapeutic drugs such 

as Paclitaxel [98]. Based on these findings in 2005 an antisense oligonucleotide strategy 

was established targeting CLU in cancer [99]. The goal was to decrease the amount of 

the potential cancer-promoting CLU to advance current cancer therapies. Within the past 

10 years OGX-011 emerged as a promising tool for cancer therapy in Phase I and II 

clinical trials. Unfortunately, the Phase III clinical trials of 1000 patients with 

castrate-resistant prostate cancer have shown either no benefit or even negative results 

[100].  

Other pathologies with CLU involvement, such as atherosclerosis show also contradictory 

results as in the case of AD and cancer [32, 101, 102]. It is therefore questionable, 

whether CLU actually has a defined role in these settings or is just a bystander and the 

result of other disease-specific mechanisms.  

 

1.7 CLU and tissue protection 

 

Except for a host of activities as described above the most convincing findings are CLU 

in relation to tissue damage. Based on mouse models it was found that a gene knockout 

of CLU shows no difference in the phenotype of wild type animals as long as they suffer 

no stress or damage [103]. Intriguingly, CLU knockout mice show a threefold elevated 

severity after induction of a myocarditis opposed to wild type mice. Moreover, the CLU 

knockout mice show elevated postinflammatory tissue destruction [103]. In additional 

studies, it was observed that the infarct size was significantly reduced after intravenous 

administration of CLU in rats after myocardial infarction [104]. Moreover, the induction of 

an ischemia-reperfusion injury (IRI) in the kidneys of CLU knockout mice decreases the 

survival rate from 90% to about 30% [105]. In line with IRI in kidneys it was observed that 

in CLU knockout mice the rejection after heart transplantation is increased [106] and 

supplemental CLU prolongs the handling-time until organ transplantation by increasing 

membrane fluidity [107]. Furthermore, after induction of permanent focal cerebral 

ischemia in wild type, CLU overexpressing and CLU knockout mice, it was found that CLU 
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has neuroprotective properties after stroke [108]. Similar findings have been seen 

elsewhere [109] but also contradictory observations have been made [110]. Another 

interesting finding was published most recently [76]. In a dry-eye model it was shown that 

supplemented sCLU is capable to prevent air draft-triggered disruption of the ocular 

surface. By examining the protective mechanism, they have found that sCLU generates 

high molecular weight aggregates on the ocular surface at the size of cells. Moreover, the 

age-dependent accumulation of potentially harmful protein deposits in the kidneys of CLU 

knockout mice has been reported [111]. Taken together, these findings indicate that CLU 

is an indispensable tool to counteract and prevent tissue damage. 

 

1.8 CLU and necrosis 

 

Based on the findings from animal models (see 1.7) the term of necrosis has emerged 

occasionally in CLU research. Necrosis is distinct from apoptosis defined as uncontrolled 

cell death with tremendous consequences to tissues [112]. The main difference of 

necrosis to apoptosis is that the plasma membrane swells and finally disrupts, whereas 

in the case of apoptosis the plasma membrane remains intact. The consequence of the 

disintegrated cells in necrotic cell death is the accumulation of various so-called 

danger-associated molecular patterns (DAMPs) as well as reactive oxygen species 

(ROS) and free radicals within the extracellular space [113-115]. DAMPs for their part are 

acting as alarmons guiding immune cells to the area of damage and priming the release 

of proinflammatory cytokines and chemokines [116]. Examples for common DAMPs are 

heat shock proteins (HSPs), HMGB1, S100 proteins, uric acid, ATP, RNA and 

Chromatin/DNA [113, 116]. DAMPs are mostly indirectly detrimental due to an overshoot 

in activation of the immune system. In contrast to DAMPs, ROS and free radicals are 

capable to directly harm the cells, for instance by reacting with lipids within the cellular 

membrane [117]. As described in section 1.7 the most promising animal CLU models are 

based on ischemic conditions such as upon stroke, heart attack or transplantation. These 

pre-clinical settings are characterized by an impaired supply with oxygen and nutrients 

due to occluded blood vessels or interrupted blood stream. Under these conditions, 

cellular ATP is degraded to hypoxanthine which is for its part oxidized to xanthine, urea 

and further to ROS by the xanthine oxidase when the blood stream is reestablished 

(Fig.5A) [115]. Finally, neutrophil invasion, the overload with ROS and the inflammatory 

response trigger the rapid destruction of cells causing necrosis (Fig.5B) [116].  
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Fig.5 (A) Potential mechanism of ischemia-mediated generation of ROS and (B) following IRI (ischemia-reperfusion 

injury) adapted from [115]. 

 

Intriguingly, under conditions as described above, CLU has been found to be upregulated 

and secreted in acute phase [118]. Initially it has been found that 

phosphoatidylserine(PtdSer)-loaded lipid vesicles successfully induce upreguation of 

CLU expression in Rat1 cells [119]. Further studies have shown that CLU can be 

upregulated via TLR3/TRIF, induced by dsRNA released from necrotic cells. This finding 

was confirmed following intravenous application of the synthetic RNA analogue poly(I:C) 

in mice, in which the elevated serum concentration of sCLU was significantly abrogated 

in the absence of TRIF [67]. Moreover, it has been shown that necrotic cell debris is 

cleared from the extracellular space via LDL receptors in the presence of sCLU [66, 67]. 

Additionally, more recently it was reported that HMGB1 released from necrotic cells 

induces CLU upregulation via the RAGE/TLR4/NF-κB signaling pathway in prostate 

cancer cells promoting cell survival [120]. Nonetheless, distinct actions of CLU and all 

participating pathways in the face of necrosis are still poorly understood. For the 

assessment and treatment of necrosis-based pathologies, it is therefore important to 

highlight CLUs’ role.  

 

1.9 CLU and proteostasis 

 

As already mentioned above, one of the main and probably the most thoroughly proved 

function is the chaperone activity of CLU and the scavenging function. Correlated with the 

chaperone activity is the term “proteostasis” which describes a cellular control network 

for maintaining the order within the proteome in- and outside of a cell. The underlying 

mechanisms of CLU chaperone activity was discussed intensively in previous 

paragraphs. Therefore, this section will primarily discuss mechanisms of the cellular 

proteostasis, especially of the unfolded protein response (UPR), and the role CLU might 

play.   

 



Introduction 

- 11 - 
 

  

1.9.1 Mechanisms of proteostasis 

 

The proteostatic system is often reduced on the level of molecular chaperones and 

proteases acting mainly inside of living cells. Nonetheless, the proteostatic networks 

encompasses far more branches as expected. For a detailed overview, the reader should 

be referred to the plethora of review articles available in the database [26, 117, 121-128]. 

Fig.6 summarizes the most intriguing aspects of proteostasis and the proteostatic 

network. 

 

 

Fig.6 Overview of branches of the proteostasis network to counteract proteostatic imbalances. 

 

Components of the proteostasis network are not working on their own, they are 

embedded in a fine-tuned crosstalk with other parts of the network. As an extracellular 

chaperone, sCLU passes the ER. It is therefore of interest how CLU and the ER-resident 

proteostatic signaling network UPR are related one another (1.9.2). Further, CLUs’ role 

within the proteostatic network will be discussed (1.9.3).  

 

1.9.2 The unfolded protein response (UPR): A sole intracellular protective 

pathway? 

 

The UPR is a cellular surveillance program located in the ER to prevent misfolding and 

aggregation of mainly ER-resident proteins. An overview of all UPR branches is illustrated 

in Fig.7.  
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Fig.7 Branches of the UPR based on findings as cited above and [129]. LD luminal domain; TMD transmembrane 

domain; K kinase domain; R RNase domain. For further information see text.  

 

The existence of an UPR was first confirmed in the late 1980s by overexpressing mutant 

ER-resident proteins which are prone to misfolding [130]. Due to the upregulation of the 

glucose-regulated proteins GRP78 (also known as BiP or HSP5A) and GRP94, it was 

suggested that they might counteract the misfolding of the mutant proteins. Subsequently, 

it was found, that the transmembrane kinase IRE1α (ERN1) is responsible for the 

upregulation of BiP [131, 132]. The transcription factor HAC1 in yeast or XBP1 in 

mammals was characterized as the mediator between IRE1α and BiP [133-137]. Today, 

IRE1α is considered as a transmembrane kinase located in the ER membrane with 

RNase activity once IRE1α is autophosphorylated, [138-140] or at least once ADP is 

bound to its kinase domain [141, 142], with concomitant IRE1α oligomerization [138, 141]. 

XBP1 mRNA, for its part, contains a 26 nucleotide (nt) intron which is removed by IRE1α 

RNase activity and spliced together spliceosome-independent [133, 134, 143]. The 

spliced XBP1 can then be translated and migrate to the nucleus to transcribe UPR-related 

genes. Additionally, beside IRE1α RNase activity, phosphorylated IRE1α also interacts 
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with the adaptor protein TRAF2 to activate the JNK signaling pathway [144]. Today, 

however, the exact mode of activation of IRE1α is not fully understood. Nonetheless, it is 

suggested that IRE1α interacts with the ER chaperone BiP in a monomeric inactive state 

[145, 146]. Upon ER stress and accompanied accumulation of misfolded proteins, BiP 

dissociated from IRE1α enabling IRE1α to oligomerize and finally to phosphorylate. In 

contrast to yeast [147], however, mammalian IRE1α is not able for directly interact with 

misfolded proteins [148]. 

Like IRE1α another BiP-associated transmembrane kinase, called PERK was found in 

the ER membrane. Different from IRE1α, PERK however, directly phosphorylates its 

target protein eIF2α preventing further expression of cap-dependent protein translation 

[128, 149, 150]. In contrast, the translation of the transcription factor ATF4 and thus the 

transcription/translation of CHOP [150] and GADD34 [151] are upregulated counteracting 

eIF2α phosphorylation. The induction of the PERK signaling pathways ultimately leads to 

cell death if the ER stress is not abolished [128], whereas the IRE1α branch is considered 

as a rather more pro-survival signaling pathway [152], even though also pro-death 

pathways, such as the JNK signaling pathway may occur [128, 144].  

An additional mainly pro-survival ER stress pathway is the ATF6 branch. In contrast to 

PERK and IRE1α, ATF6 is no transmembrane kinase. ATF6 is a basic Leu zipper (bZIP) 

transcription factor which is activated upon cleavage (mediated by S1P and S2P) within 

the Golgi after induction of ER stress [128, 153, 154]. The translocation of ATF6 to the 

Golgi is repressed by BiP [155] indicating a comparable mode of activation such as in the 

case of PERK and IRE1α.  

The UPR collectively promotes the transport of misfolded proteins from the ER to the 

cytosol for proteasomal degradation, a mechanism which is called ERAD (ER-associated 

degradation). Moreover, IRE1α mediates the degradation of RNA via its RNase activity 

to prevent further protein influx [156]. A mechanism which is called RIDD (Regulated 

Ire1-dependent decay) [128, 156, 157]. 

 

As described above, the UPR is generally accepted as a signaling network inside of cells, 

which mainly reacts to disturbances caused by intracellular/ER-resident events. However, 

the fact that the ER is the path to the extracellular space renders it likely that the UPR 

may also be influenced by changes outside of the cell or may even affect the extracellular 

homeostasis. Importantly, there is only one chaperone known today that is upregulated 

and secreted upon ER stress, namely ERdj3, counteracting prion-mediated cytotoxicity 

[158]. This finding is remarkable due to an increasing amount of publications reporting 

UPR induction by extracellular factors/settings (Tab.2). 
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Tab.2 Observations of the induction of the UPR by extracellular factors. 

Factor species/cell pathway/event Reference 

LPS J774 mouse macrophages and 

XBP1 knockout mice 

IL-6 & TNF upregulation/secretion mediated by 

TLR4/IRE1α/XBP1 

[159] 

AApoAII AApoAII fibril administration in 

mice 

Primarily BiP upregulation and XBP1 splicing in 

liver and kidneys 

[160] 

oxLDLs & 

HDLs 

human HMEC-1 endothelial cells HDLs preventing oxLDLs induced IRE1α, JNK 

and eIF2α phosphorylation   

[161] 

TNF HeLa, L929 and MEF cells TNF activates all UPR branches by inducing ROS 

production 

[162] 

TTR oligomers DRGs, ND7/23, SG, SH-SY-5Y and 

HSF-1 knockout animals 

TTR oligomers inducing eIF2α phosphorylation 

and BiP 

[163] 

HMGB1 dendritic cells of mouse BiP expression and XBP1 splicing is enhanced [164] 

VEGF HUVECs All UPR branches are activated by the 

VEGFR/mTOR signaling pathway 

[165] 

High glucose Rat insulinoma cells, INS-1 & INS-2, 

mouse islet cells 

Stimulation of all UPR branches, especially 

IRE1α 

[166] 

Aβ1-40 RBE4 (rat brain epithelia cells) Aβ induces all UPR branches [167] 

 

1.9.3 CLUs’ role in intra-and extracelluar proteostasis 

 

Secretory CLU (sCLU) is a unique protein due to its characterization as the first molecular 

chaperone acting outside of the living cell [21]. In cells however, the role of CLU is much 

more contentious as reviewed recently [19]. Nevertheless, there are reports concerning 

CLUs’ role in intracellular proteostasis. As in the case of sCLU, intracellular CLU is 

described to be pro-survival (except of unglycosylated isoforms). Initially, it was found that 

CLU can escape secretion from the Golgi upon severe ER stress induced by Thapsigargin 

(Tg) [17]. Retrotranslocation in this study however, seems to belong to the UPR 

mechanism of ERAD (see above), as CLU has subsequently been ubiquitinylated. In a 

further study concerning retrotranslocated CLU, it was observed that BiP is the mediator 

for ER stress-induced CLU retrotranslocation [18]. Moreover, they observed the 

accumulation of both, sCLU and psCLU in the cytosol. Eventually, retrotranslocated CLU 

stabilizes the mitochondrial membrane, thus preventing ER stress-induced apoptosis in 
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prostate cancer cells. Based on the findings of ER stress-mediated CLU 

retrotranslocation it was further confirmed that cytosolic CLU promotes autophagy in 

prostate cancer and kidney cells [18, 168]. In these studies, it was found that CLU is a 

prerequisite for LC3 lipidation. Lipidated LC3 for its part facilitates the maturation of the 

autophagosome, a membrane-shrouded structure which collects cellular waste, such as 

misfolded proteins, for subsequent degradation after fusion with a lysosome [121]. UPR 

and autophagy are highly correlated to each other, e.g. by supporting ERAD of the UPR 

[169]. Furthermore, it was found that IRE1α phosphorylation decreases in the absence of 

CLU, suggesting a supporting role of CLU in the UPR [168]. Moreover, it was suggested 

that unglycosylated CLU still exerts chaperone activity [31]. This notion renders it likely 

that even unglycosylated CLU forms emerged from failed translocation, alternative 

translation initiation or alternative splicing may act as chaperones inside of the cell.  

In summary, CLU is suggested to be a widespread multifunctional protein that acts in 

various cellular settings, mainly embedded in the proteostasis network. An overview of 

CLU functions is illustrated in Fig.8. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          Fig.8 Depiction of various CLU functions as described above, adapted from [19, 76]. 
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2 Objectives 

The aim of this thesis is to elucidate in which way CLU might act and which impact this 

would have on the cellular homeostasis. As one component of HDLs it was reported that 

secretory CLU (sCLU) interacts with receptors of the LDL receptor gene family, namely 

LRP2, ApoER2 and VLDLR. Even though the transport/removal of ligands such as lipids 

and proteins is well characterized (see above), presumed cellular signaling processes of 

sCLU via these receptors were not observable (data not shown). Therefore, it was 

assumed that CLU executes a function distinct from signal transduction. The most verified 

function is the chaperone activity of sCLU. Consequently, this thesis will first examine the 

chaperone activity of CLU and the underlying structural features, namely the proteolytic 

cleavage and the glycosylation. Information of the CLU structure might be of relevance to 

find possible roles in cellular physiology. In this context, it is of interest whether CLU 

structure and function are conserved among animals. To assess whether sCLU 

chaperone activity is a feature primarily of mammals (especially humans) or might be 

conserved throughout the evolution, a comprehensive analysis of the CLU protein among 

various CLU-expressing animal classes will be conducted. Therefore, in the first section 

the cloning, expression and characterization of mouse sCLU in comparison to human 

sCLU will be described. Further, the CLU protein of up to 108 various species will be 

analyzed in a bioinformatic approach and the role of proteolytic maturation and 

glycosylation will be experimentally investigated in the case of human sCLU. The second 

section, will based on findings of the first section, assess CLU’s role in tissue damage by 

conducting necrosis cell death assays. The purpose of these analyses is to characterize 

mechanisms of CLU upregulation in necrotic tissue and effects of CLU upregulation as to 

the fate of the surrounding vital cells. Moreover, it is of interest how various signal 

transduction pathways and proteostatic network components act together to counteract 

situations when neighboring cells are accidentally disrupted. Eventually, this thesis 

encompasses multiple approaches to highlight the importance of CLU and provides 

potential explanations concerning problems in CLU research these days.  
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3 Material 
 

3.1 Chemicals & Supplements 

The names, IDs and manufacturers/suppliers of chemicals and supplements for buffers, cell culture, 

analytics etc. are enumerated below.  

Alexis Biochemicals: LPS Samlmonella minnesota R595 (581-008-l002) Applichem: Imidazole 

(A1073,0500) Bio-Rad: Bromophenol Blue (1610404); Triton® X-100 (A1388,1000) Biochrom: Sodium 

bicarbonate (NaHCO3, L1713); Non-essential amino acids (NEAs, K0293); Phosphate buffered saline 

(PBS, L182-10) Carl Roth: 1,4-Dithiothreitol p.a. (DTT, 6908.1); 8-Anilino-1-naphthalenesulfonic acid 

(ANS, A1028); Albumin Fraktion V protease-free (BSA, T844.2); Albumin Fraktion V endotoxin-free (BSA, 

CP84.1); Ammonium persulfate p.a. (APS, 9592.3); Ampicillin (K029.2); Blasticidin S hydrochloride 

(CP14.2); Calcium chloride dihydrate (CaCl2 x 2H2O, C7902); Dietylpyrocarbonat 97% (DEPC, K028.3); 

Dimethylsulfoxid (DMSO, A994.1); Disodium phosphate dihydrate p.a. (Na2HPO4 x 2H2O, 4984.3); 

Ethidium bromide solution (HP47.1); Ethylenediaminetetraacetic acid p.a. (EDTA, 8043.2); Formic acid p.a. 

(4724.3); Glutathione (oxidized, 6378.1); Glutathione (reduced, 6832.1); Glycerol p.a. (3783.1); Glycin p.a. 

(3908.3); Lysogeny broth agar (X969.2); Lysogeny broth medium (X968.2); Methanol (99.5%, CP43.3); Milk 

powder (T145.2); Monosodium phosphate dihydrate p.a. (NaH2PO4 x 2H2O, T879.2); Nickel(II) sulfate p.a. 

(T111.1); Ponceau S (5938.2); Preservative for water baths (9025.1); Roti®-Blue (A152.1); Roti®-Quant 

(K015.1); Rotiphorese® Gel 30 (30% Acrylamide/Bis Solution, 3029.2); Sodium chloride p.a. (3957.2); 

Sodium dodecyl sulfate p.a. (SDS, 4360.2); Tetramethylethylenediamine p.a. (TEMED, 2367.3); 

Trichloroacetic acid (TCA, 8789.2); Tris(hydroxymethyl)aminomethane p.a. (Tris, 4855.5); Tris 

hydrochloride (9090.3);Tween 20® (9127.1); Urea p.a. (3941.2) Chemical storage University Mainz: 

Ethanol denatured; Glacial acid; Sodium azide FMC: Seakam® LE Universal Agarose (28649) Macherey-

Nagel: Protino® Ni-IDA Resin (745210.30) PerkinElmer: Western Lightning® Plus-ECL (Lumino, 

NEL104001EA) Sigma: Dulbecco’s Modified Eagle’s Medium, 4.5 g/L glucose (DMEM, D5671); Ethanol 

p.a. (32205); Fetal Bovine Serum (FBS, F0804); L-Glutamine (G7513); N-(2-Hydroxyethyl)piperazine-N′-

(2-ethanesulfonic acid) (HEPES solution, H0887); Paraformaldehyde (PFA, 158127); Penicillin-

Streptomycin solution (P0781); Phorbol 12-myristate 13-acetat (PMA, P8139); Poly-L-lysine hydrobromide 

(P6282); Sodium Pyruvate solution (S8636); Trypan Blue Solution (T8154); Trypsine-EDTA solution 

(T4174) Thermo Fisher: dCTP Set 100 mM Solution (R0151); dNTP Set 100 mM Solutions (R0181); 

GeneRuler 100 bp Plus DNA Ladder (SM0321); Lipofectamine® RNAiMAX Transfection Reagent 

(13778030); MassRuler Express Forward DNA Ladder (SM1283); Opti-MEM® (31985047); PageRuler™ 

Prestained Protein Ladder (26616); TurboFect Transfection Reagent (R0531)  

 

3.2 Buffers 

Self-made buffers prepared are enumerated below. If not indicated otherwise all buffers were prepared in 

ddH2O. Details of the constituents are listed in 2.1.1.  

50x TAE buffer: 2 M Tris, 50 mM EDTA pH 8.0, 1 M glacial acid 5x SDS-PAGE sample buffer: 0.225 M 

Tris hydrochloride pH 6.8, 50% glycerol, 5% SDS, 0.05% Bromophenol blue, ad 10 mL. For reducing 

SDS-PAGEs 50 µL 2 M DTT were added to 1 mL SDS-PAGE sample buffer 5x Electrophoresis buffer: 

0.5 M Tris, 1.92 M glycine, 0.5% SDS, pH 8.8 Stacking gel buffer for SDS-PAGEs 3 M Tris, pH 8.8 

Separating gel buffer for SDS-PAGEs: 1 M Tris, pH 6.8  1x Tank-blotting transfer buffer: 25 mM Tris, 

150 mM glycine, 20% (v/v) methanol, pH 8.3 1x Ponceau S staining solution: 0.5% (w/v) Ponceau S, 1% 
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(v/v) glacial acid Stripping buffer: 100 mM NaOH, 2% (w/v) SDS, 33.3 mM DTT (added immediately prior 

use) 1x Staining/destaining solutions for Coomassie gels: Staining with 10% (v/v) and 10% Roti-Blue®. 

Destaining with 25% (v/v) methanol 25x Tris-buffered saline (TBS): 1.25 M Tris, 3.75 M NaCl, pH 7.6 1x 

LEW buffer: 5.8 mM Monosodium phosphate dihydrate, 44.2 mM Disodium phosphate dihydrate, 300 mM 

NaCl, pH 8.0 1x Elution buffer: 50 mM Monosodium phosphate dihydrate, 300 mM NaCl, 250 mM 

Imidazol, pH 8.0 Phosphat buffer: 0.95 mM Monosodium phosphate dihydrate, 9.05 mM Disodium 

phosphate dihydrate, pH 7.0 Cell lysis buffer: 50 mM Tris/HCl pH 8.0, 150 mM NaCl, 1% (v/v) 

Triton® X-100 Tailing buffer: 50 mM Tris/HCl pH 8.4, 125 mM KCl, 7.5 mM MgCl2 10x Precipitation 

buffer: 0.5 M Na2HPO4/NaH2PO4 pH 7, 1.5 M NaCl, 0.2 M DTT (in reducing assays) 

 

3.3 Consumable Materials 

The names, IDs and manufacturers/suppliers of consumable materials for cell culture and analytics are 

enumerated below.  

BD Bioscience: BD Falcon Round-Bottom Tubes Polystyrene (FACS tubes, B4-BE-352058) Beckman: 

Microfuge® Tube Polyallomer (ultracentrifugation tubes, P91103) Buddeberg: Filters for accu-jet® 

controller (9.281.091), 50 mL syringes (9.410 050) ELGA: ultrapure water from ELGA Purelab Flex General 

Electric: Amersham Protran Supported 0,45µm NC (Protein blotting membrane, 10600016) Greiner: Cell 

culture flasks (TC) small (T25, 690175), medium (T75, 658175), large (T175, 660175); Cryo tubes in various 

colors (126279, 126278, 126277, 126280); Culture multiwell plates 96 well unsterile (655101), 96 well white 

plates ( 655075); 96 well sterile TC (655980), 48 well sterile (677 180), 24 well sterile (662160), 6 well 

sterile (657160); Petri dishes (632180) Pipet tips 200 µL (739290 ), 1 mL (740290); Reaction tubes 0.2 mL 

(683201), 0.5 mL (682201), 1.5 mL (616201), 2mL (623201), 15 mL (188271), 50 mL (227261) Millipore: 

Amicon® Ultra-15 Centrifugal Filter Unit, 30 & 50 NMWL (UFC903008 & UFC905008) PALL: MinimateTM 

TFF Capsule with 30 or 50 kDa Omega Membrane (membrane filter unit) Sarstedt: multiwell plates lumox 

multiwell, 96 (sterile black 96 well plate, 94.6000.024), black micro test plate (sterile black 96 well plate, 

82.1581.220); serological pipettes 5 mL (86.1253.001), 10 mL (86.1254.001), 20 mL (86.1685.001); Cell 

scraber 39 cm (83.1831) Sartorius Stedim Biotech: Blotting Paper / Grade BF 4 (FT-2-521-580600G), 

Cellulose Acetate (CA) Membrane Filter (11107--47----CAN), Vivaspin Turbo 4, 5.000 MWCO PES 

(VS04T11) Starlab: Semi-Skirted PCR Plate with Raised Rim (for qRT-PCRs, E1403-7700); Advanced 

Polyolefin StarSeal, X-Clear (for qRT-PCR plates, E2796-9795); 10µl RPT Graduated Tip (S1160-3700-C) 

 

3.4 Laboratory Equipment 

The names and companies of devices and tools used in the laboratory are enumerated below.  

Alpha Innotech: AlphaImager™ Gel Imaging System (for analyzing DNA gels) Beckman: L7-65 

(ultracentrifuge); 45Ti rotor (serial number: 94Ei565) BD Bioscience: BD FACS Canto II (for FACS 

analyses) BDK: UVF 6.12 S (sterile bench) Binder: CB 210 (CO2 incubator for eukaryotic cells) Biometra: 

Powerpack P25 T (power supply; TPersonal (PCR cycler) Bio-Rad: VersaDocTM MP Imaging System 

(Western blot imager); Mini-PROTEAN® Tetra Vertical Electrophoresis Cell (1-D vertical gel 

electrophoresis); Mini Trans-Blot® Electrophoretic Transfer Cell (Tank blotter) BioTek: PowerWave™ XS 

(ELISA reader) BMG Labtech: LUMIstar OPTIMA (Microplate reader) Brand: 5mL and 10 mL 

micropipettes; accu-jet® (pipetting aid) Canon: CanoScan LiDE 210 (flatbed scanner) CAT: ST 5 (Shaker) 

Chyo: JL-200 (micro scale) CMV: CMV-Rom (roll mixer) Electronic: IKA-VIBRAX-VXR (vibrating table) 

Eppendorf: BioPhotometer® plus; Concentrator plus (Lyophilizer); Multipette® Stream FVA: Fedegari 

Autoclavi SpA (autoclave) G.Heinemann: HTU SONI130 (Sonifier) General Electric: ÄKTApurifier 10 
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(Fast protein liquid chromatography, FPLC); HiLoadTM 16/60 SuperdexTM 200 prep grade (size exclusion 

chromatography); XK16/20 (FPLC column) GFL: 3018 (swiveling table) Gilson: 2 µL, 10 µL, 20 µL, 100 µL 

and 200 µL micropipettes; MacromanTM (pipetting aid) Heidolph: Reax1 (vortexer) Hellma: quartz cuvettes 

suitable for photometry, CD and fluorescence spectroscopy Horiba: Fluoromax4 (Fluorescence 

spectrometer) Hund: Wilovert S (Optical microscope) Infors HT: Ecotron (Shaking incubators) Ismatec: 

MP-GE (peristaltic pump) Janke & Kunkel: VF2 (vortexer) Jasco: J-815 (Circular Dichroism 

Spectropolarimeter) Knick: 765 Calimatic (pH meter) Kratos Analytica: Shimadzu CFR Axima (MALDI-

TOF MS) Motic: Motic AE21 (Biological Inverted Microscope); Moticam1000 (USB Camera) Labnet: 

AccuBlock™ Digital Dry Baths (heating block); SpectrafugeTM 24D and SpectrafugeTM Mini (tabletop 

centrifuges) Memmert: BM600 (incubator for prokaryotic cells) PEQLAB: peqSTAR Gradient (PCR cycler) 

Raytest: Stella 3200 (Western blot imager) Roth: Neubauer Counting Chamber Sartorius: BP 2100 S 

(scale) Self-made: 10 cm x 5 cm and 13 cm x 10 cm agarose gel electrophoresis chambers Sigma: 

Bioblock scientific 3K15 (Cooling centrifuge) Thermo Fisher: 7500 Fast Real-Time PCR System (qRT-

PCR cycler); Bioblock Scientific (heating block); Multifuge 1S-R (Cooling centrifuge); Nalgene® Polysulfone 

Reusable Bottle Top Filters; Safe 2020 (Biological Safety Cabinet) VWR: VWR® PCR plate spinner (521-

1648) Wisa: SUC-O-MAT (aspirator) 

 

3.5 Enzymes & Proteins 

Enzymes and proteins as well as the IDs and manufacturers/suppliers are enumerated below. 

NEB: α2-3 Neuraminidase (P0728); β1-4 Galactosidase (P0730); β-N-Acetylglucosaminidase (P0732); 

Histone H10 Human, Recombinant (M2501); Histone H2A Human, Recombinant (M2502); Histone H2B 

Human, Recombinant (M2505); Histone H3 (H3.1) Human, Recombinant (M2503); Histone H4 Human, 

Recombinant (M2504); NcoI (R0193); PNGase F (P0704); XbaI (R0145) PEQLAB: KAPA SYBR Fast Rox 

low (qRT-PCR Master Mix, KAPBKK4619-02); KAPAHiFi PCR Kit (07-KK2100-01) R&D Systems: 

Recombinant Human HMGB1 Protein (1690-HMB-050); Recombinant Human S100A8/S100A9 

Heterodimer Protein (8226-S8-050) Roth: Chymotrypsin (0238.1) Sigma: Apoferritin for gel filtration 

(105K6114); Catalase (C9322); Gel Filtration Cal Kit Low Molecular Weight (28-4038-41); Tumor Necrosis 

Factor-α human (TNF, H8916) Thermo Fisher: BamHI (ER0051); HindIII (ER0501); Maxima Hot Start 

Green PCR Master Mix (2X, K1062); Pfu DNA Polymerase, native (EP0571); RevertAid Reverse 

Transcriptase (EP0441); T4 DNA Ligase (EL0014); Terminale Desoxynucleotid Transferase (EP0161) 

 

3.6 Antibodies  

The names, IDs, manufacturers/suppliers, species of origin and dilutions of used antibodies are enumerated 

below. 

Abcam: Anti-IRE1 (phospho S724) (rabbit, 1:1,000, ab48187) Epitomics: GAPDH (rabbit, 1:5,000, 2251-

1) Thermo Fisher: 6x-His Epitope Tag Antibody (HIS.H8) (mouse , 1:2,000, MA1-21315); Anti-V5-Antibody 

(mouse, 1:5,000, R960-25); Millipore: Anti-Clusterin α chain (human) Antibody, clone 41D (mouse, 

1:1,000, 05-354) NEB: Anti-mouse IgG, HRP-linked Antibody (1:10,000, 7076); Anti-rabbit IgG, HRP-linked 

Antibody (1:5,000, 7074); BiP (C50B12) (rabbit, 1:1,000, 3177); eIF2α (D7D3) (rabbit, 1:1,000, 5324); 

IRE1α (14C10) (rabbit, 1:1,000, 3294); JNK2 [56G8] (rabbit, 1:1,000, 9258); LC3A/B (D3U4C) (rabbit, 

1:1,000, 12741); p44/42 MAPK (Erk1/2) (137F5) (rabbit, 1:1,000, 4695); p70 S6 Kinase (49D7) (rabbit, 

1:1,000, 2708); Phospho-eIF2α (Ser51) (D9G8) (rabbit, 1:1,000, 3398); Phospho-p44/42 [Erk1/2] 

[T202/Y2049] (rabbit, 1:1,000, 4377); Phospho-p70 S6 Kinase (Thr389) (108D2) (rabbit, 1:1,000, 9234); 

Phospho-p70 S6 Kinase (Thr421/Ser424) (rabbit, 1:1,000, 9204); Phospho-S6 Ribosomal Protein 
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(Ser235/236) (D57.2.2E) (rabbit, 1:1,000, 4858); Phospho-SAPK/JNK [Thr183/Tyr185] (rabbit, 1:1,000, 

9251); Phospho-Src (Tyr527) (rabbit, 1:1,000, 2105); Phospho-Src Family (Tyr416) (rabbit, 1:1,000, 2101); 

S6 Ribosomal Protein (5G10) (rabbit, 1:1,000, 2217); Src (32G6) (rabbit, 1:1,000, 2123); TRAF2 (C192) 

(rabbit, 1:2,000, 4724) R&D Systems: Human TLR4 Antibody (O00206); Normal Goat IgG Control (AB-

108-C) Santa Cruz: Clusterin-α (C-18) (goat, 1:1,000, sc-6419); Clusterin-α (B-5) (mouse, 1:500, sc-5289); 

ERdj3 (C-7) (mouse, 1:1,000, sc-271240); IRE1α (B-12) (mouse, 1:1,000, sc-390960) Sigma: Anti-goat 

IgG (whole molecule)-Peroxidase antibody (1:10,000, A5420); Anti-α-Tubulin Clone B-5-1-2 (mouse, 

1:10,000, T5168) StressMarq Biosciences Inc.: Anti-Calreticulin (rabbit, 1:2,000, SPC-122A) 

 

3.7 Inhibitors 

The names, IDs and manufacturers/suppliers of used antibodies are enumerated below. Additionally, the 

main function, solvent, concentration of the stock solutions (all stored on -20°C) and working concentrations 

(w.c.) are also indicated. For details concerning incubation times and concentrations please refer to the 

Method and Result Section. 

Applichem: Actinomycin D (transcription inhibitor, 2 mg/mL in methanol, 2 µg/mL w.c., A1489.0005) 

Calbiochem: Kira6 (IRE1α kinase inhibitor, 50 mg/mL in DMSO, 1 µM to 10 µM w.c., 532281); MG-132 

(proteasome inhibitor, 10 mM in DMSO, 10 µM w.c., 474790) InvivoGen: Rapamycin (mTOR inhibitor, 100 

mM in DMSO, 20 nM to 100 nM w.c., tlrl-rap) Merck: Phosphatase Inhibitor Cocktail V (50x stock diluted 

to 1x in cell lysis buffer, US1524629) R&D Systems: APY29 (IRE1α kinase inhibitor, 30 mM in DMSO, 0.3 

µM to 3.0 µM w.c., 4865/10) Roche: cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (one tablet 

in 10 mL cell lysis buffer) Roth: Phenylmethylsulfonyl fluoride (PMSF) (serine protease inhibitor, 0.1 M in 

isopropanol, 1 µM w.c., 6367.1) Sigma: Cycloheximide (translation inhibitor, 10 mg/mL in DMSO, 5 µg/mL 

w.c., C1988); Parthenolide (NF-κB inhibitor, 10 mM in DMSO, 25 µM w.c., P0667); Q-VD-OPh hydrate (pan 

caspase inhibitor, 14 mg/mL in DMSO, 5 µM w.c., SML0063); SP600125 (JNK inhibitor, 9.1 mM, 10 µM 

w.c., S5567); Thapsigargin (SERCA inhibitor, 1 mg/mL in DMSO, 1 µM w.c., T9033) 

 

3.8 Oligonucleotides & siRNAs 

Oligonucleotides and siRNAs were obtained from Roth, Sigma, Eurofins, Santa Cruz, Thermo Fisher and 

RealTimePrimers.com. The names, sequences, purpose and additional information are listed below.  

Tab.3 Primers for cloning, in vitro mutagenesis, oligo hybridization, colony PCR; sequencing, quantitative RT-PCR 

(qRT-PCR) and semiquantitative RT-PCR (sqRT-PCR). (H.P. indicates constructs cloned by Hans Prochnow). 

Oligo(s) Forward (location) Reverse (location) Purpose 
Notice/ 

Reference 

CLU mouse 

Fusion 1 

ATATTAAAGCTTACCCGCGTCACCAGG

AGGAG 

GAAAGAGCGTGTCTATGATGC Cloning Primer  

CLU mouse 

Fusion 2 

AGGCCACACCATGAAGATTC 

 

AGTGGGATCCTTCCGCACGGCTTTTC

CTG 

 

Cloning Primer  

pcDNA-CLU-

KDEL 

AAAGATGAGTTGTGAGTTTAAACCCGC

TGATC 

CAACTCATCTTTATGGTGATGGTGAT

GATGAC 

Cloning Primer cloned by 

H.P. 

HSP72 human AAATTTAAGCTTATGGCCAAAGCCGCG ATTAATGGATCCATCTACCTCCTCAAT

G 

Cloning Primer  
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IRE1α human TTTAAACTTAAGCTTCAGTTCTGCGTCC

GCTGA 

TGGACTAGTGGATCCGAGGGCGTCT

GGAGTCACT 

Cloning Primer  

CLU human 

RIVR/RITR 

GTCCCGCATCACCCGCAGCTTG ATTAATGGATCCATCTACCTCCTCAAT

G 

In-vitro 

mutagenesis 

 

CLU human 

RIVR/RIVQ 

CCGCATCGTCCAGAGCTTGATGC GCATCAAGCTCTGGACGATGCGG In-vitro 

mutagenesis 

 

AP-1 Reporter CTTACGCGTGCTAGCTGAGTCAGTGAG

TCACTGACTCACTGACTCATGAGTCAG

CTGACTCA 

GATCTGAGTCAGCTGACTCATGAGTC

AGTGAGTCAGTGACTCACTGACTCAG

CTAGCACGCGTAAGAGCT 

Primer for AP-1 

in pTAL-Luc -

oligohybridiz-

ation 

cloned by 

H.P. 

 

CLU in pTAL-

NF-κB- & pTAL-

AP-1-Luc 

GTAAAGCCACCATGGGAACCCACTGCT

TACTGGCTTATC 

 

CGCCCCGACTCTAGAAACAGATGGCT

GGCAACTAGAAGG 

 

Primer for 

substitution of 

Luc by CLU 

 

pcDNA TAATACGACTCACTATAGGG CTGGCAACTAGAAGGCACAG colony PCR/ 

sequencing 

 

pTAL-Luc GTTCGTCACATCTCATCTACCTCC CAAACTCATCAATGTATCTTATC colony PCR/ 

sequencing 

 

pTAL CAG GTG CCA GAA CAT TTC TCT ATC 

G 

CAAACTCATCAATGTATCTTATC colony PCR/ 

sequencing 

 

IRE1α GCTGGTGGTGACTGTGGAC 

GCTGCCCTTCCACCC 

GCAGACACAGTTTCAGCC 

GTCTCCACAGCGACATTG 

GCGAGTGGTTGGAGGC 

GTCCATTTGATTGAGCC 

 

sequencing 

 

mouse CLU 

specific 1
st 

strand 

  

TGCGGCTTTTCCTGCGGTATTCC 

first step of 

5’-RACE 

 

AAP (abridge 

anchor primer) 

& mouse CLU-

R1 

 

GGC CAC GCG TCG ACT AGT ACG GGI 

IGG GII GGG IIG 

 

GACTTGGCTCTGCTGCC 

fourth step of  

5’ RACE            

(1
st

 RACE PCR) 

 

AUAP (abridge 

universal 

amplification 

primer) & 

mouse CLU-R2 

 

 

GGC CAC GCG TCG ACT AGT AC 

 

 

CCA GGA CCA AGC CAT TGT C 

fifth step of     

5’ RACE        

(2
nd

 RACEPCR) 

/sequencing 

 

Poly D(T) 12-18 

Primer 

  Reverse 

Transcription 

 

BiP CGAGGAGGAGGACAAGAAGG CACCTTGAACGGCAAGAACT qRT-PCR [170] 

CHOP AGCCAAAATCAGAGCTGGAA TGGATCAGTCTGGAAAAGCA qRT-PCR [171] 

CLU GGAGGAGTGAGATGTGGATG ATGCAGGAGCAATTCTGTTC qRT-PCR  

ERdj3 GGGTGCTGCTTATGAGGTTCTG CCAAAATCCCCAAAGAAGTGTG qRT-PCR  

GADD34 TGAGGCAGCCGGAGATAC GTAGCCTGATGGGGTGCTT qRT-PCR [171] 

HPRT11 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT qRT-PCR  

XBP1 TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG qRT-PCR [172] 
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BiP CGAGGAGGAGGACAAGAAGG CACCTTGAACGGCAAGAAC sqRT-PCR  

CHOP TTGCCTTTCTCCTTCGG CACTTTCCTTTCATTCTCCTG sqRT-PCR  

CLU AAAATGCTGTCAACGGGGTG TTCAGGCAGGGCTTACACTCT sqRT-PCR  

ERdj3 TTTATTGGAGAAGGTGAGCC CTGTTTGATACCTTCTCTCGC sqRT-PCR  

FXYD5 TCTACACAGAACTCCAGCCCAC TGCTTTGGTGCTCTTGTGTG sqRT-PCR  

GADD34 CGAGGAAGAGGGAGTTGC GTTGGCACCACCAGGAC sqRT-PCR  

GAPDH TGGGGCCAAAAGGGTCATCATCTC GCCGCCTGCTTCACCACCTTCTT sqRT-PCR  

HSP27 GGAGTGGTCGCAGTGGTTAGG GGGAGGAGGAAACTTGGGTG sqRT-PCR  

IP-10 CTGATTTGCTGCCTTATCTTTCTG CTTGGAAGATGGGAAAGGTGAG sqRT-PCR  

XBP1 CCTTGTAGTTGAGAACCAGG GGGGCTTGGTATATATGTGG sqRT-PCR [143] 

 

Tab.4 siRNAs 

siRNA Sense Antisense Purpose Note 

Scramble upon request upon request 
unspecific control 

siRNA (human) 
AM4611 (ambion) 

IRE1α 

CAACCUCUCUUCUGUAUCUtt 

GGAAGGUGAUGCACAUCAAtt 

CUGGAGGAGACGAAUGAUAtt 

CUGUACUCUUGGAGUAACAtt 

AGAUACAGAAGAGAGGUUGtt 

UUGAUGUGCAUCACCUUCCtt 

UAUCAUUCGUCUCCUCCAGtt 

UGUUACUCCAAGAGUACAGtt 

Knockdown human 

IRE1α 
sc-40705 

 

3.9 Plasmids 

The plasmids used are pcDNA6/V5-His B (Thermo Fisher), pNF-κB-Luc (Takara) and its variations pLuc 

and pAP-1-Luc (see Primer Section and Appendix), as well as pTER-EGFP [173]. A brief overview is 

illustrated in Fig. 9. 

 
Fig.9 Utilized plasmids adapted from [173, 174]. 
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3.10 Kits & Assays 

The names, IDs and companies of used kits are enumerated below. 

Analytik Jena: innuPrep Gel Extraction Kit (845-KS-5030250); innuPrep RNA Mini Kit (845-KS-2040050) 

Baseclick: EdU-HTS Kit 555 (BCK-HTS555-2) BD Biosciences: PE Annexin V Apoptosis Kit I (559763) 

Promega: Cell Titer 96® Aqueous one solution (G3580); Luciferase Assay System (E1500) Roche: High 

Pure PCR Product Purification Kit (11732668001) Takara: In-Fusion HD Cloning plus (638909) Thermo 

Fisher: GeneJet Plasmid Minipräp-Kit (K0503) 

3.11 Cell lines & Bacteria 

Enlisted below (Tab.4) are the used eukaryotic cell lines and the composition of their growth medium. 

Primarily, human cell lines, except of yolk sac cells (10A, 6A & 6A3 from mouse as described previously 

[175, 176]) were used.  

Tab.4 Eukaryotic cell lines and growth medium used. 

Bacterial strains DH5α (Thermo Fisher) and Stellar competent bacteria (see In-Fusion HD Cloning plus kit 

by Takara) were cultivated on standard agar plates and in LB medium (see 3.1.1 & 4.2.3). 

3.12 Software 

Software for data collection and analyses, project management, illustration, manuscript preparation as well 

as the developer are enumerated below. 

Adobe Systems: Illustrator CC 2015.3 Alexis Dereeper & Valentin Guignon: Phylogeny.fr platform Bio-

Rad: Quantity One 4.40 BD Bioscience: FACSDiva BioTek: Gen5 Clarivate Analytics: EndnoteX7 Des 

Higgins & Fabian Sievers: Clustal Omega (v1.2.4) General Electric: UNICORN TM Version 3.21 

Geospiza: FinchTV 1.4.0 GraphPad Software: GraphPad Prism 5 & 6 Horiba: Fluorescence 1.3.5 IBIVU: 

PRALINE Jasco: Spectra Manager II Software JustBio: Complementor Microsoft: Microsoft Office 2016 

Motic: Motic Images Plus 2.0 NCBI: BLAST; Batch Web CD-Search Tool PREMIER Biosoft: NetPrimer 

Raytest: StellaX SerialCloner: SerialCloner2.6.1 Stella:  Technical University of Denmark: SignalP 4.1 

Server; NetNGlyc 1.0 Server; ProP 1.0 Server Thermo Fisher: 7500 Fast Software v2.3 Tree Star: 

FlowJob UT Southwestern Mecial Center: AL2CO VIB/UGent: Venn Wayne Rasband: ImageJ  

Reagents HEK-293 SK-N-MC HeLa MCF-7 PC-3 HepG2 EA.hy926 yolk sac 

DMEM 500 mL 500 mL 500 mL 500 mL 500 mL 500 mL 500 mL 500 mL 

L-glutamine 

(200 mM) 
5 mL 5 mL 5 mL 5 mL 

 

5 mL 

 

5 mL 

 

10 mL 

 

10 mL 

 

Sodium bicarbonate 

(7.5% w/v) 
  15 mL  

    

Sodium pyruvate 

(100 mM) 
5 mL 5 mL   

 5 mL   

NEAs (100x)   5 mL   5 mL  5 mL 

HEPES (1.0 M)   5 mL    5 mL 5 mL 

Penicillin (10,000 

U/mL)-Streptomycin 

(10 mg/mL) 

5 mL 5 mL 5 mL 5 mL 

 

5 mL 

 

5 mL 

 

5 mL 

 

5 mL 

FBS 50 mL 50 mL 50 mL 50 mL 50 mL 50 mL 50 mL 50 mL 
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4 Methods 
 

In this section, the methods will be described to collect the results of this thesis. Basic techniques will not 

be described in any detail, for instance Western blotting is a standard laboratory technique established 

almost four decades ago [177], the fundamental principles are therefore already textbook knowledge [178]. 

The Method Section will primarily focus on the exact implementation and notable differences to standard 

protocols. Further information is also included in the Figure Legends and the Material Section. 

 

4.1 Cell culture 
 

This paragraph will describe how eukaryotic cells were cultured, passaged and conserved during the thesis. 

Furthermore, cell-based assays will be described. Occasionally, the reader will be referred to the Material 

Section, publications in the Reference List or to the corresponding Figures in the Result Section. 

 

4.1.1 Cultivation of eukaryotic cells and beyond 
 

Eukaryotic cells (see 3.11) were cultured using common cell culture flaks, well plates and dishes (3.3) with 

verified culture media and supplements (3.1 and 3.11) in suitable cell culture incubators and handled under 

sterile conditions (3.4). The following paragraphs will describe general conducted procedures. 

 

4.1.1.1 Seeding, passaging, counting and conservation of eukaryotic cells 
 

All cells were seeded in the following way: Cryo vials containing 1.5*106 to 3.0*106 cells (diluted in FBS w/ 

10% DMSO) were thawed in a water bath for approximately 5 minutes, diluted in 10 mL serum-rich culture 

medium and centrifuged for 15 minutes at 1,000xrpm at RT. Subsequently, the supernatant was removed 

and the cell pellet was resuspended in 15 to 20 mL serum-rich medium for further cultivation in T75 flasks. 

After receiving full confluency, the medium was removed, and the cells were washed once with 15 mL PBS. 

After aspiration of PBS, 3 mL Trypsin (3.1) was added, subsequently removed and the flasks were 

incubated in an CO2 incubator for 15 minutes at 37°C. Afterwards, the cells were detached with full-medium 

(3.11) and passaged to fresh culture vessels. Depending of the utilized cell line the growing time varied. 

For instance, HEK-293 receive a confluency after seeding within approximately 5 days, whereas other lines 

such as MCF-7 need up to two weeks. Please note, that cell lines such as SK-N-MC tend to grow to 

over-confluency with concomitant cell death and must therefore be passaged at a higher ratio or more often. 

For reproducible results or for the creation of cryo stocks it is important to count the cell number. For cell 

counting the removed cells were diluted in PBS (1:10 in the case of HEK-293 cells to 1:2 in the case of 

SK-N-MC after removal from T75 flasks) and subsequently stained with trypan blue (1:2) for 5 minutes. 

Afterwards, 8 µL of the suspension was added to a Neubauer counting chamber (3.4) with an approximate 

cell number of at least 15 cells per large square. Only trypan blue negative cells were taken into 

consideration for further experiments or cryo stock preparation. To create cryo stocks the desired cell 

number (at least 1.5*106 per vial) was centrifuged for 15 minutes at 1,000xrpm and RT. Subsequently, the 

pellet was diluted in ice-cold FBS with 10% DMSO, transferred to cryo vials and immediately stored 

at -80°C.  
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4.1.1.2 Transfection of eukaryotic cells and isolation of single clones 
 

For transfection of cells two strategies were used, forward and reverse transfection. Forward transfection 

was carried out for transferring plasmid DNA into cells as follows: 1.0*106 HEK-293 cells diluted in 2 mL 

serum-rich medium were plated into a 6-well and grown for 24 hours. After reaching about 60 to 70% 

confluency, 4 µg DNA, 4 µL Turbofect (3.1) and 188 µL OptiMEM® (3.1) were mixed together and incubated 

for 30 minutes at room temperature. Subsequently, 1 mL in the 6-wells was removed and the transfection 

reagent mix was dropped onto the cells. After a transfection time of 6 to 18 hours, the cells were further 

processed (depending on the purpose, see Figures and below). For stable transfection, transfected cells 

were passaged 1:3, using 10 µg/mL Blasticidin into fresh 6-well plates. After an initial dying phase of 

un-transfected cells the remaining cells were again passaged in Blasticidin-rich full medium, either in T75 

flasks (mixed clones) or in 96-well plates with one cell in 100 µL (single clones). In the latter case, the cells 

were observed for the next few weeks to make sure that only one cell population is growing. After receiving 

a sufficient confluency (demands occasional Blasticidin-rich medium change), the cells were passaged first 

into 48-well plates and further into 24- and 6-well plates. In accordance with the cell passaging, the 

expression level of the desired protein was controlled via Western blot (4.3.4). 

For transfecting siRNA, the reverse transfection strategy was carried out using Lipofectamine® (3.1). Briefly, 

150 µL OptiMEM with 5 µL Lipofectamine® and 150 µL OptiMEM (3.1) with 7.5 µL siRNA (10 µM, see Tab.4) 

were incubated at room temperature for 5 minutes and mixed together for an incubation time of 30 minutes 

at room temperature. In the meantime, at least 300,000 but not more than 500,000 HEK-293 cells were 

diluted in 1.7 mL antibiotic-free full medium. Finally, the transfection cocktail was equally distributed in a 6-

well and the cell suspension was dropped onto the prepared cocktail. The success of transfection was 

observable within 48 hours.  

 

4.1.1.3 Preparation of whole cell lysates 
 

To prepare whole cell lysates the supernatants of cells in 6-well plates were removed and ice-cold cell lysis 

buffer (see 3.2) containing protease inhibitor (3.7) and in the case of phosphorylated proteins, additional 

phosphatase inhibitor (3.7) was applied. The amount of the lysis buffer used depends on the desired final 

protein concentration and varies depending on the used cell line and approaches between 50 and 150 µL. 

After application of the cell lysis buffer the cells were removed using a cell scraber (3.3), lysed for 30 minutes 

using a roll mixer (3.4) at 4°C and subsequently centrifuged for at least 30 minutes at 20,000xg and 4°C. 

Finally, the supernatants were separated from the pellet and further analyses were conducted.  

 

4.1.1.4 Preparation of necrotic cell lysates 
 

For preparation of necrotic cell lysates, cells grown in various culture vessels and, removed by trypsin 

treatment as already described (4.1.1.1), diluted in serum-free medium (volume depends on culture vessel, 

for instance 20 mL for T75 flasks or 1 mL for a 6-well) and centrifuged for 20 minutes, at 1,000xg and room 

temperature. Afterwards, the supernatant was aspirated and the pellet diluted into fresh serum-free 

medium. Please note, that the volume for resuspension also depends on the culture vessels. An 

appropriated working concentration for necrotic cell lysates was 5 mg/mL. For instance, to achieve a 

concentration of 5 mg/mL, the resuspension volume should not exceed 1 mL in the case of cells removed 

from one fully confluent T75 flask. After obtaining a homogenous cell suspension four freeze/thaw cycles 

were carried out in liquid nitrogen and a water bath. Subsequently, the necrotic cells were centrifuged at 

20,000xg for at least 30 minutes on 4°C, the supernatant was then transferred to fresh sterile tubes, the 

protein concentration was determined using the Bradford assay (see 4.3.1) and the concentration was 
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adjusted to 5 mg/mL. To remove protein aggregates and other higher molecular weight components, the 

necrotic preparation was additionally centrifuged 100,000xg for 30 minutes at 4°C in an ultracentrifuge (3.4). 

 

4.1.2 Cell-based assays 
 

In this section, experiments conducted with eukaryotic cells will be described. Please note that procedures 

such as cell cultivation, cell counting and passaging are already described in 4.1.1. Some variations of the 

protocols below are indicated in the corresponding Figure Legends. 

 

4.1.2.1 Phosphorylation assays 
 

Phosphorylation is a major modification of proteins in cellular signal transduction [179]. To assess the 

activation or inhibition of signal transduction pathways, protein phosphorylation was measured using 

Western blots (see 4.3.4). For protein phosphorylation experiments, cells were plated into 6-well plates and 

grown to full confluency (for instance 1.5*106 HEK-293 cells in 2 mL are fully confluent within 24 hours of 

growth). After receiving full confluency, the cells were set serum-free (800 µL) for 4 hours in the presence 

or absence of inhibitors and respective controls, e.g. DMSO (see also 3.7 and the Result Section), 

subsequent experiments were conducted (see Result Section) and the cells were finally lysed as described 

in 4.1.1.3. Characteristic features concerning the handling and detection of phosphorylated proteins have 

already been described (4.1.1.3) or will be discussed below (4.3.3, 4.3.4). 

 

4.1.2.2 Transcription analyzing assays 
 

The procedure in this section is comparable to the procedure described above (4.1.2.1). The main 

difference however, is that the cells were not lysed after finishing the experiments, instead they were 

trypsinized with 50 µL trypsin for 15 minutes in a CO2 incubator at 37°C (3.4). Afterwards, the cells were 

removed using 1 mL PBS, collected in 2 mL Eppis and were centrifuged for 15 minutes at 1,000xg (room 

temperature). Subsequently, PBS was removed and the cell pellet was either processed immediately (see 

3.10 and 4.2.2.3) or stored at -80°C.  

 

4.1.2.3 Cell viability assays 
 

The viability of cells was measured using MTS (Cell titer solution in 2.10). To determine how the viability of 

cells is changed upon various conditions 5,000 to 10,000 cells per well (see Figures Legends) were 

passaged in 96-well plates in a total of 100 µL and grown for 24 hours. Subsequently, the cells were either 

transfected (see corresponding Figure Legends and 4.1.1.2 with adjusted amount of OptiMEM, DNA and 

Turobfect), set on serum-free for 4 hours or were pre-incubated on serum-free in the presence or absence 

of inhibitors and respective controls (DMSO) for 4 hours (see 3.7 and corresponding Figure Legends). 

Afterwards, the cells were stimulated with necrotic cell lysates (see Figures) in the presence or absence of 

inhibitors for 12 hours to 24 hours (see Figure Legends). One exception is the experiment with Q-VD-OPh 

where the inhibitor was applied directly after the initial growth phase and the transfection was carried out 

the entire time until the assay was measured. Please note, the cells in 96-wells have never been washed 

to prevent detachment. Further, after setting the cells serum-free the medium was not exchanged for 

stimulation. Moreover, transfection as well as serum-free cultivation and pre-incubation always occurred in 

50 µL. That means the stimulation was carried out in a total of 100 µL by adding 50 µL to the 50 µL medium 

already present in the wells. Finally, after stimulation the medium was removed, the cells set on 50 µL fresh 

serum-free medium, 10 µL MTS were added and the plates were measured within 4 hours at a wavelength 
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of 490 nm and 630 nm, whereas the value at 630 nm was subtracted from 490 nm value afterwards. Please 

note, that the 2 hours-value always displayed the most reliable absorbance which has been used for 

evaluation as shown in the Result Section. The relative cell viability was calculated based on the cell viability 

measured after 24 hours of initial growth phase (50 µL serum-free with 10 µL MTS). 

 

4.1.2.4 Flow cytometry: Fluorescence-activated cell sorting (FACS) 
 

For measurement of apoptotic cell death, FACS in combination with annexin V and 7-AAD staining was 

used as described previously [180]. By using flow cytometry, the scattering of light by cells and the 

fluorescence of dyes, connected to specific antibodies/proteins bound to the cells, can be measured. For 

apoptosis measurements, the PE Annexin V Apoptosis Kit I was used (3.10). By application of annexin V 

the exposure of phosphatidylserine to the extracellular space upon cellular apoptosis can be monitored. 

Further, relative cell injury is detectable due to 7-AAD only enters the cell after damage of the cellular 

membrane and eventually intercalates into genomic DNA. To elucidate the relative apoptosis rate, FACS 

analyses were performed with 500,000 HEK-293 cells seeded in 6-well plates and grown for 24 hours. 

Subsequently, the cells were washed once and set serum-free as well as were stimulated with 1 mg/mL 

necrotic cell lysates. After additional 24 hours, supernatants were collected and centrifuged for 10 minutes 

(1,000xg at 4°C). While centrifugation, the remaining cells were washed once with 1 mL PBS and 200 µL 

trypsin were added for 15 minutes. Subsequently, the trypsinized cells were removed using 300 µL binding 

buffer containing 10% FBS and were united with the centrifuged cell pellet. 150 µL of the obtained cell 

solution was mixed with 5 µL annexin V and 3 µL 7-AAD in FACS tubes (3.3), vortexed gently once and 

kept in the dark for 20 minutes at room temperature. Finally, the dilution was filled up to 500 µL with binding 

buffer, vortexed gently again and FACS measurements were carried out. With the FACS Canto II (3 lasers, 

3.4) the simultaneous detection of the annexin V and 7-AAD fluorescence is detectable. Additionally, the 

cell size (FSC = forward scatter) and cell granularity (SSC = sideward scatter) was measured. Thus, the 

cell populations positive for annexin V and/or 7-AAD were quantified using FlowJo (gating strategy, Fig.10).  

 

 
Fig.10 Gating strategy at a representative experiment. 
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4.1.2.5 Luciferase reporter assays 
 

The luciferase reporter assays were conducted similary as previously described [181]. As vehicle, the 

pAP-1 reporter cloned by Hans Prochnow (Tab.3) was used. Briefly: 300,000 HEK-293 cells were seeded, 

diluted in 500 µL per well into 24-well plates and grown for 24 hours. Subsequently, the cells were washed 

once with 1 mL PBS per well and were co-transfected using 1 µg pAP-1-Luc or pTAL-Luc and 0.4 µg 

pTER-EGFP for 6 hours. Subsequently, the cells were treated as indicated in Fig.26B. At last, the cells 

were washed once with PBS, treated with the lysis buffer shipped with the respective kit (see 3.10) and 

stored at -80°C for at least 30 minutes. Afterwards, the plate was thawed on a vibrating table at room 

temperature for about 30 minutes and 5 µL to 10 µL were transferred to white plates for detection of 

luciferase or 20 µL lysate with 80 µL ddH2O in black plates for detection of fluorescence (3.3). Finally, the 

cell’s luciferase activity was measured using the Luciferase Assay System (3.10) according to the 

manufacturer’s protocol and the FLUOstar Omega luminometer (3.4) with the following adjustments: 

Position delay 1 second; measurement start time 5 seconds; no. of intervals 25 seconds; interval times 

1 second; 50 µL volume of substrate; shaking frequence 300 rpm; shaking time 2 seconds; pump speed 

300 µL/second. The pTER-EGFP fluorescence was measured at a position delay of 0.2, with 10 flashes 

per well with the following filters: λabs= 485 nm / λem = 520 nm. Values were expressed relative to the 

fluorescence intensity of the respective cell lysates. All measurements were performed in triplicate.  

 

4.1.2.6 Cell proliferation assays 
 

For direct detection of the cell proliferation the EdU HTS555 kit was used (3.10). The advantage of this 

method is that the thymidine analog EdU is directly incorporated into genomic DNA during replication and 

can be detected by a click chemical reaction coupled with the fluorescent dye TAMRA-PEG3-Azide (λabs= 

546 nm / λem = 579 nm). The whole procedure was carried out according to the manufactures protocol but 

will be described briefly: Fluorescence 96-well plates (lumox, see 3.3) were coated with 30 µL 0.1 mg/mL 

Poly-L-Lysine (3.1) in PBS. Subsequently, 40,000 HEK-293 cells were seeded in a volume of 100 µL (full 

medium) and grown for 24 hours. After the initial growth phase, the medium was substituted by 100 µL 

either serum-free medium or 1 mg/mL necrotic cell lysates in serum-free medium. Following 24 hours of 

stimulation, the medium was removed once more and the cells were labeled with 10 µM EdU in serum-free 

medium for another 4 hours. Note that one well remains unlabeled and served as a negative control. 

Subsequently, the cells were washed with 100 µL sterile PBS containing 1% endotoxin-free BSA (3.1) and 

were fixed with 100 µL 3.7% PFA in PBS for 20 minutes in the dark at room temperature. Afterwards, the 

cells were washed again with 200 µL PBS containing 1% BSA (twice!) and were permeabilized with 100 µL 

0.5% Triton-X 100 in PBS for 20 minutes in the dark at room temperature. Subsequently, the 

permeabilization solution was removed and 100 µL of the click assay cocktail (containing all buffers for the 

click reaction and the fluorescence dye) was added (incubation for 30 minutes in the dark at room 

temperature). Afterwards the solution was removed, the wells were washed twice with 150 µL rinse buffer, 

100 µL PBS containing 1% BSA was added and the plate was ready for measurement (FLUOstar Omega 

with the following filters: λabs= 544 nm / λem = 580 nm). For evaluation, all test samples were set relative to 

the EdU negative control. All measurements are representatives of five individuals.  

 

4.1.2.7 Cell dying assays 
 

To trigger necrotic cell death without completely disrupting cells, cell injury was induced based on [182]. 

Fully confluent HEK-293 cells grown in T175 flasks were trypsinized and diluted in 20 mL serum-free 

HEK-293 medium. After centrifugation for 30 minutes at 1,000xrpm the supernatant was removed and the 
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pellet was resuspended in 1 mL serum-free medium. Subsequently, 350 µL (approximately 20*106 cells) of 

the suspension were either kept at 37°C or were heated up to 45°C for 10 minutes in a water bath. After 

heat shock, the cells were added into fresh 24-well plates for 3 hours in a CO2 incubator (3.4) and were 

centrifuged afterwards for 15 minutes at 1,000xg at room temperature. The supernatant was eventually 

added to fresh confluent vital HEK-293 cells (already kept on 700 µL serum-free for 4 hours) for 2 hours. 

As controls either 250 µg/mL necrotic cell lysates or serum-free medium was used. The cells were further 

processed as described in 4.1.1.3.  

 

4.1.2.8 Cell aggregation assays 
 

To determine the cell aggregating potential of CLU as described [2], cell aggregation assays were 

conducted based on protocols published previously [183, 184]. The cell aggregation assays were performed 

as follows: 0.66% agarose/LB agar (3.1) diluted in 5 mL PBS was heated in a microwave. The bumping 

was compensated by sterile water and the entire hot solution was aliquoted into five sterile 1.5 mL Eppis. 

After aliquot preparation, the Eppis were heated up to 90°C for sterilization in a heating block (3.4) for 

10 minutes. Subsequently, the heated, sterile Eppis were stored at 55°C in a water bath (3.4). Eventually, 

50 µL of the agarose/LB agar solution was added into 96-wells. In the meantime, CLU knockdown and 

scramble HEK-293 cells (shCLU & shScr, see [173]) were removed from T25 culture flasks by trypsinization 

using full HEK-293 medium. After centrifugation (1,000xrpm) for 15 minutes, the cell pellet was diluted in 

HEK-293 cell medium containing 1% FBS and 20,000 cells (100 µL) were added to the fresh coated 96-well 

plates. After keeping the cells in the coated 96-well plates for 48 hours the wells were photographed (Motic, 

see 3.4) and the relative aggregate size was determined using ImageJ as follows: Analyze  Set Scale 

(set Distance in Pixels on 100 and click Global); Image  Type  8-bit; Process  Binary  Make Binary; 

Edit  Invert; Analyze  Analyze Particles (Size 20; Show Outlines; Display Results; Summarize; Record 

Starts). 

4.2 Nucleic acid analyses  
 

In the following section the work with nucleic acids will be described. For basic technique concepts such as 

PCR, molecular cloning, DNA sequencing and others, the reader should be referred to standard text books 

of molecular biology/genetics.  

 

4.2.1 Isolation, quantification of nucleic acids and agarose gel electrophoresis 
 

For isolation of nucleic acids, the kits in paragraph 3.10 were used. The elution of DNA was carried out with 

10 mM Tris pH 8.5, RNA was eluted with RNase-free H2O and kept on ice or frozen anytime. Agarose gel 

electrophoresis was carried out with the components and equipment listed above (3.1, 3.2 & 3.4). Ethidium 

bromide stock solution (0.07% in ddH2O) was added to gel immediately after melting. Electrophoresis was 

carried out with 80 V. The concentration of nucleic acid was determined in a photometer (3.4) with a dilution 

of 1:100 using the following equation (XDNA = 40; XRNA = 50): 

 

c(nucleic acids) = OD260nm*x
𝒏𝒈

µ𝑳
*dilution factor 

 

4.2.2 Polymerase chain reaction (PCR) 
 

The PCR (polymerase chain reaction) protocols and programs described in this section are primarily for 

human gene targets. Exceptions are indicated. 
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4.2.2.1 PCR protocols/programs 
 

For various applications, the following PCR programs were utilized. Please note, that for molecular cloning 

various DNA polymerases were used. All programs are listed in the following order: Initially heating; heating 

phase; primer annealing; elongation phase; final elongation; number of cycles and particularities. Please 

note, that the lid of the PCR cycler was heated up to 110°C. 

sqRT-PCR: sqRT-PCRs were prepared as follows: 10 µL Hot Start Mix (3.5); 1 µL forward primer (10 µM); 

1 µL reverse primer (10 µM); 1 µL cDNA (25 ng/µL); 7 µL ddH2O. All sqRT-PCRs except of IP-10 and 

FXYD5 were performed using the following basic program: 95°C 15 minutes; 95°C 30 seconds (IP-10 

1 minute); 30 seconds annealing (IP-10 1 minute); 72°C 30 seconds elongation (IP-10 1 minute); 72°C 

5 minutes final elongation (IP-10 & FXYD5 10 minutes); annealing temperature & cycles: BiP 55°C & 

23 cycles; CHOP 45°C & 40 cycles; CLU 60°C & 23 cycles; ERdj3 55°C & 23 cycles; FXYD5 55°C & 

30 cycles; GADD34 50°C & 23 cycles; GAPDH 60°C & 20 cycles; HSP27 58°C & 24 cycles; IP-10 55°C & 

26 cycles; XBP1 45°C & 27 cylces. qRT-PCR: qRT-PCRs were prepared in qPCR plates (3.3) as follows: 

5 µL qRT-PCR Master Mix (3.5); 2.5 µL Primer mix (0.2 µM); 2.5 µL cDNA (25 ng/µL). The utilized program 

for all qRT-PCRs was: 95°C 15 minutes; 40 cycles of 95°C 15 seconds, 60°C 30 seconds & 72°C 

30 seconds; 2 final cycles of 95°C 15 seconds & 60°C 60 seconds. RACE PCR: RACE PCRs were 

prepared as follows: 25 µL Hot Start Mix (3.5); 5 µL forward and reverse primer (10 µM) for the 

1st RACE PCR and 1 µL forward and reverse primer (10 µM) for the 2nd RACE PCR; 5 µL cDNA (1st) or 

5 µL of 1:100 diluted c-tailed DNA (2nd), the reactions were finally filled up to 50 µL with ddH2O. All 

RACE PCRs were performed using the following basic program: 95°C 15 min; 95°C 30 seconds; 53°C for 

fourth step of the 5’ RACE or 48°C for fifth step of the 5’ RACE; one minute elongation; 10 minutes of final 

elongation at 72°C; 35 cycles Cloning PCRs: For cloning of various constructs different DNA polymerases 

were used. Cloning CLU mouse: Preparation of cloning PCR for fragment amplification: 0.5 µL Pfu DNA 

polymerase (3.5); 5 µL Pfu buffer + MgSO4; 1 µL dNTPs (3.1); 1 µL forward primer (10 µM); 1 µL reverse 

primer (10 µM); 5 µL cDNA (mouse yolk sac cells); 36.5 µL ddH2O. Preparation of fusion PCR: 0.5 µL Pfu 

DNA polymerase (3.5); 5 µL Pfu buffer + MgSO4; 1 µL dNTPs (3.1); 1 µL forward primer Exon1 (10 µM); 

1 µL reverse primer Exon9 (10 µM); 0.5 µL of each purified PCR fragment (eluted in 30 µL); 40.5 µL ddH2O. 

The following PCR program was utilized for CLU mouse cloning: 95°C 3 minutes; 95°C 30 seconds; 51°C 

30 seconds; 72°C 5 minutes; 5 minutes of final elongation; 40 cycles for fragment amplification and 

35 cycles for fusion PCR. Site-directed in vitro mutagenesis (RIVR/RIVQ & RITR): Preparation of cloning 

PCR for fragment amplification: See also cloning of CLU mouse but with 1 µL full-length human CLU in 

pcDNA6 (250 ng/µL by Hans Prochnow), with both pcDNA6 sequencing primers as terminal primers. 

Preparation of fusion PCR/PCR program: See cloning of mouse CLU but with different annealing 

temperatures (55°C for RIVQ and 50°C for RITR). Cloning HSP72: Preparation of cloning PCR for fragment 

amplification: 0.5 µL KAPA HiFi DNA polymerase (3.5); 10 µL 5x KAP HiFi Fidelity buffer; 1 µL dNTPs; 1 µL 

forward primer (10 µM); 1 µL reverse primer (10 µM); 1 µL cDNA (25 ng/µL) obtained from HEK-293 cells. 

The following PCR program was used: 95°C 3 minutes; 95°C 30 seconds; 55°C 30 seconds; 72°C 

30 seconds; 10 minutes for final elongation; 35 cycles. Cloning IRE1α; Sub-Cloning CLU in pTAL-AP-1/NF-

κB & FXYD5: PCRs were prepared as follows: 12.5 µL Takara Clone Amp HiFi PCR 2x Mix (3.10); 1 µL 

forward primer (10 µM); 1 µL; reverse primer (10 µM); 1 µL cDNA (25 ng/µL) obtained from HEK-293 cells 

or plasmid DNA (2.5 ng/µL); 9.5 µL ddH2O. For all PCRs, the following program was utilized: 98°C 1 minute; 

98°C 30 seconds; 65°C 30 seconds; 72°C 2.5 minutes (except for IRE1α with 5 minutes); 72°C 15 minutes 

of final elongation; 35 cycles.  Colony PCR: Colony-PCRs were prepared as follows: 10 µL Hot Start Mix 

(3.5); 1 µL forward primer (10 µM); 1 µL reverse primer (10 µM); 5 µL of clone suspension (one colony in 

30 µL ddH2O see below); 2 µL ddH2O. The following program was performed: 95°C 15 minutes; 95°C 

30 seconds; 51°C (pcDNA) or 48°C (pTAL) 30 seconds; 72°C one minute; 72°C 10 minutes for final 

elongation; at least 20 cycles.  
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4.2.2.2 Determination of transcription start sites via 5’ RACE PCR 
 

For determination of transcription start sites, the 5’ rapid amplification of cDNA ends PCR (5’ RACE PCR) 

was performed. A schematic depiction of the principle has been illustrated previously [174]. This paragraph 

will solely describe how the 5’ RACE PCR was carried out for determining the transcription start site of 

mouse CLU. 

The 5’ RACE consists of at least six steps: 1) Gene-specific cDNA synthesis, 2) Purification of the specific 

cDNA, 3) C-tailing of the specific cDNA, 4) 1st RACE-PCR for amplification of the 5’ end, 5) 2nd RACE-PCR 

for more yield and higher specifity of the amplified cDNA (nested PCR) and 6) Final purification and DNA 

sequencing.  

Step 1) 2.5 µg RNA from yolk sac cells of the mouse were lyophilized, diluted in 6 µL RNase-free H2O, 

mixed with 0.5 µL of a mouse CLU specific reverse primer (10 µM, Tab.3), heated up to 70°C for 10 minutes 

and kept on ice for one minute. Afterwards, 2 µL RevertAid buffer (3.5), 1 µL dNTPs (10 mM) were added 

and an initial warming for 2 minutes at 42°C was carried out. Subsequently, 0.5 µL RevertAid Reverse 

Transcriptase (3.5) was added and the cDNA synthesis was conducted for 50 minutes at 42°C with a 

subsequent denaturation step of 10 minutes at 70°C. In Step 2) the obtained CLU-specific cDNA was 

purified using the PCR Product Purification Kit (3.10) with subsequent elution of the cDNA in 50 µL Tris pH 

8.5. In the C-tailing step number 3) 10 µL of the purified cDNA, 5 µL tailing buffer (3.2), 2.5 µL dCTP (2 mM, 

3.1) and 6.5 µL ddH2O were mixed, heated to 94°C, kept on ice for 1 minute, 1 µL Terminale 

Desoxynucleotid Transferase (TdT, see also 3.5) was added and the C-tailing reaction was carried out at 

37°C for 10 minutes with a subsequent denaturation step at 65°C for 10 minutes. Step 4 & 5) comprised 

the two RACE PCR (1st & 2nd) reactions as described above (4.2.2.1). In the final step 6) the obtained RACE 

PCR products were again purified and sequenced as described below (4.2.3.4) using a reverse mouse CLU 

primer (Tab.3). 

 

4.2.2.3 Reverse transcription of mRNA 
 

The cell samples obtained in various experiments (see 4.1.2.2) were processed with the innuPrep RNA 

Mini Kit (3.10) according to the manufacturers’ protocol. The RNA concentration was measured 

photometrically (3.3 & 3.4) at a dilution of 1:100 in RNase-free H2O and cDNA synthesis was carried out as 

follows: 5 µg purified RNA was filled up to a total of 12 µL with RNase-free H2O, 1 µL oligo-dT primer were 

added, the mixture was heated up to 65°C for 5 minutes and kept on ice for 2 minutes. Afterwards, 4 µL 

RevertAid buffer and 2 µL dNTPs were added and the solution was warmed to 42°C for another 2 minutes. 

Subsequently, 1 µL Reverse Transcriptase (3.5) was added to the solution and the reverse transcription 

was carried out for 60 minutes at 42°C with a subsequent denaturation step at 70°C for additional 

10 minutes. Finally, the solution was filled up to 200 µL at a final concentration of 25 ng/µL.  

 

4.2.2.4 Semi quantitative reverse transcription PCR (sqRT-PCR) 
 

Semiquantitative Reverse Transcriptase PCRs (sqRT-PCRs) were carried out with primers listed in Tab.3 

according to the PCR protocols as listed above (4.2.2.1). The necessary number of cycles was determined 

empirically by testing various cycles and choosing the cycle number where expression differences can be 

deduced from the band intensity or according to the qRT-PCR analyses (see below). To visualize 

sqRT-PCR, 2% agarose gels were used as described above (4.2.1). One exception were sqRT-PCRs of 

XBP1. To visualize the splicing of XBP1, 4% agarose gels were conducted with a running time of 

approximately 2.5 hours.  
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4.2.2.5 Quantitative Reverse Transcription PCR (qRT-PCR) 
 

To quantify the expression of genes quantitative RT-PCRs (qRT-PCRs) were performed in a specialized 

light cycler (3.4), using a DNA polymerase cocktail (master mix) with a DNA intercalating dye (SYBR green, 

see also 3.5). The more DNA was amplified the higher was the SYBR fluorescence. As reference, a 

non-intercalating dye was also present in the master mix (ROX). By dividing the SYBR fluorescence from 

the ROX fluorescence, so-called Rn values were obtained. The further subtraction of the fluorescence 

without detectable increase (baseline) from the Rn values lead to the ΔRn value which was plotted against 

the cycle number. The cycle number where all the samples for comparison are in their exponential phase 

is defined as the cT value. To obtain information of the relative change in the expression of a defined gene 

in comparison to a control housekeeping gene (HPRT in this case) the analyses were carried out as 

described previously [185]. The preparation of qRT-PCR (3.3, 3.4, 3.5, 4.2.2.1), the utilized machines (3.4) 

and PCR programs (4.2.2.1), as well as the software for qRT-PCR analyses (3.12) were already 

listed/described above. 

 

4.2.3 Molecular cloning & In vitro mutagenesis 
 

The creation of recombinant DNA molecules for expression of proteins or modulation of the cellular 

homeostasis is summarized here under the term “molecular cloning”. Mutagenizing of recombinant DNA 

molecules ex vivo is termed “in vitro mutagenesis”. Utilized plasmids for both approaches are illustrated in 

Fig.9. 

 

4.2.3.1 Restriction enzyme-based cloning 
One of the most prominent and wide performed cloning approach is the restriction enzyme-based cloning. 

The following constructs cloned in this thesis are based on this approach: mouse CLU in pcDNA6, 

human CLU in pcDNA6 (cloned by Hans Prochnow), BAX in pcDNA6 (cloned by Markus Baiersdörfer) and 

HSP72 in pcDNA6. Exact details of the PCR strategy are described above (4.2.2.1) and in the Primer List 

(Tab.3), in this section the general procedure will be depicted.  

After obtaining the wanted purified PCR product carrying restriction sites (here HindIII and BamHI) 

dedicated for integration in the vector of choice, both (vector and PCR fragment) were restricted: 20 µL 

BamHI buffer, 2 µL HindIII, 2 µL BamHI (3.5), between 50 and 100 µL DNA (50 ng/µL), added to a final 

volume of 200 µL with ddH2O and kept on 37°C overnight. The next day the whole restriction reaction was 

loaded on a 1% agarose gel, respective bands were cut out and the DNA was extracted using a gel 

extraction kit (3.10) with subsequent elution in 40 µL ddH2O. On another gel (2%) the concentration of the 

purified DNA was determined using a Mass Ruler DNA marker (3.1) and the necessary amount of DNA 

was calculated using the following equation: 

 

m(Integrate) = 3*m(Vector)*
𝒃𝒑 𝑰𝒏𝒕𝒆𝒈𝒓𝒂𝒕𝒆

𝒃𝒑 𝑽𝒆𝒄𝒕𝒐𝒓
 

 

After calculating the necessary amount, the DNA has either been lyophilized or was directly used for 

ligation: 1 µL T4 DNA Ligase (3.5), 0.5 µL T4 DNA Ligase buffer, a final volume of 10 µL containing water, 

integrate and vector. The ligation reaction was carried out at room temperature for 2 hours. Afterwards, 

200 µL competent DH5α bacterial cells (already prepared as described previously [186]) and 10 µL ligation 

reaction were mixed and kept on ice for 30 minutes. Subsequently, the cells were heat-shocked in a water 

bath for 90 seconds at 42°C and transferred on ice for another 5 minutes. The heat-shocked bacteria were 

finally suspended in 1 mL warm LB medium (3.1), kept on 37°C for one hour, were centrifuged for 

10 minutes at 4,600xg, 1 mL supernatant was removed, the remaining bacteria were resuspended and 
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plated onto agar plates containing 100 µg/mL ampicillin (3.1 & 3.3). The next day respective clones were 

isolated, diluted in 30 µL sterile ddH2O and colony PCRs were performed as described (4.2.2.1). Positive 

clones were further diluted in 5 mL LB medium containing ampicillin (100 µg/mL), grown overnight, 500 µL 

of the dense bacterial solution were mixed with 500 µL sterile 50 % glycerol in LB medium (v/v) and stored 

on -80°C. The remaining bacterial solution was used for plasmid isolation with subsequent agarose 

electrophoresis, concentration determination, DNA sequencing and further approaches.  

 

4.2.3.2 In-FusionTM cloning 
 

Compared to restriction enzyme-based cloning, digestion with restriction enzymes is no prerequisite for 

In-Fusion cloning. The basic principles are well described in the literature [187] and will be described here 

just briefly. The so-called In-Fusion Enzyme bears a 3’-5’ exonuclease activity of the poxvirus DNA 

polymerase. This feature allows the digestion of DNA in 3’-5’ direction creating 5’ overlapping single 

stranded DNA ends. When applying two DNA molecules with a complementary overlap of 15 bp the 

single-stranded DNA overlapping sites are hybridizing. After transforming the obtained hybridized DNA 

molecule into competent cells the gaps within the construct (results of the 3’-5’ exonuclease activity) will be 

repaired and a fully intact recombinant DNA molecule is replicated within the cells. The only prerequisite 

for the reaction are linear DNA fragments which can be obtained either by digestion with restriction enzymes 

or by PCR. The primers for the In-Fusion reaction should display the following features (excluding overlap): 

Only two purines, melting point between 58°C to 65°C and a GC content of 40 to 60%. After purification of 

the linearized target vector and the PCR fragment between 40 and 100 ng of DNA, 2 µL In-Fusion Enzyme 

in a total of 10 µL filled up with ddH2O was utilized for the In-Fusion Reaction which was carried out for 

15 minutes at 50°C. Afterwards, the fused DNA construct was transformed into commercially available 

competent bacteria supplied with the kit (StellarTM competent cells). The transformation protocol was 

basically comparable to the transformation as described in 4.2.3.1 with a few alterations: 2.5 µL of the DNA 

construct + 50 µL competent cells, 45 seconds of heat shock, 100 µL warm SOC medium. The isolation of 

clones and further processing was equal to 4.2.3.1.   

 

4.2.3.3 Site-directed in vitro mutagenesis 
 

The site-directed mutagenesis was conducted according to the illustration as published previously [174]. 

As a template, the already cloned full-length human CLU cDNA was used. The utilized primers (RIVQ/RITR) 

are listed in Tab.3 and the PCR preparation/protocol is shown in 4.2.2.1. In principle, the entire strategy 

was in accordance with 4.2.3.1. 

 

4.2.3.4 Sanger DNA sequencing 
 

The sequencing of constructs created was carried out by the company SeqLab in Göttingen. Each run 

contains approximately 750 ng of purified DNA with 2 µL primer (10 µM) in a total of 7 µL. The average 

sequencing length was approximately 1,500 bp. The analyses of the sequence data were carried out using 

FinchTV (3.12). 

 

4.3 Protein analytics 
 

The preparation of proteins from cells was already described (4.1.1.3 and 4.1.1.4). Therefore, this section 

will primarily explain how proteins were purified, how their concentrations were measured, how proteins 
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and protein modifications were visualized, how protein activity assays were performed and how protein 

folding was assessed. Please note, that proteins were primarily kept on ice or frozen.  

 

4.3.1 Bradford assay 
 

The measurement of the protein concentration was carried out using the Bradford assay. The Bradford 

assay was performed in unsterile 96-well plates (3.3) using an ELISA reader (3.4). Briefly: 10 µL of a BSA 

standard diluted in water was used in duplicates (0, 40, 120, 200, 300 und 400 µg/mL). 10 µL of samples 

diluted in water (1:10 in the case of purified proteins and 1:30 for cell lysates) were used in triplicates. After 

adding standards and samples in the 96-well plates, 10 µL formic acid was added to each well followed by 

180 µL Roti®-Quant (diluted 1:5, see 3.1). The absorbance was measured within 30 minutes (OD595 nm). 

 

4.3.2 TCA precipitation 
 

In the case of insufficient protein concentration, the proteins were precipitated using TCA (Trichloroacetic 

acid, see 3.1). Briefly: 50% ice-cold TCA were mixed with 250 µL of the sample in a ratio of 1:2 and kept 

on ice for 30 minutes. Hereafter, the sample was centrifuged (20,000xg, 4°C, 15 minutes) and the 

supernatant was discarded. Subsequently, the protein pellet was washed with 1 mL ice-cold acetone and 

kept once more on ice for 5 minutes. After an additional centrifugation step as described above, the 

supernatant was discarded again and the pellet was kept on room temperature for one hour (tube lid open). 

Afterwards, the dry protein pellet was diluted in 30 µL 1x SDS-PAGE sample buffer (3.2) and heated up to 

60°C for 10 minutes. In the case of a low pH value due to remaining acetone, 1-2 µL 1M NaOH was added. 

Occasionally, the pellet was insoluble, therefore the pellet was sonified until full dilution (3.4). 

 

4.3.3 SDS-PAGE & Coomassie staining 
 

For separation of proteins depending on their molecular weight SDS-PAGEs (sodium dodecylsulfate poly 

acryl amide gel electrophoresis) were performed. The principle of the SDS-PAGE has been described 

previously [188]. SDS-PAGEs were prepared as followed according to the manufacturers’ protocol (Bio-Rad 

see 3.4):  

 

Tab.5: Composition of SDS-PAGEs (Components are listed in 3.1) 

 

After gel preparation, samples of various protein concentrations with the addition of SDS-PAGE sample 

buffer under reducing or non-reducing conditions were applied (3.2). Please note, that if not indicated 

otherwise the SDS-PAGEs were performed under reducing conditions. Depending on the pocket size the 

voltage and sample size was between 15 V, 25 µL (small pockets, 15 lanes) and 100 V, 40 µL (large 

pockets, 10 lanes). After completing the SDS-PAGEs the stacking gel was removed and the separating gel 

Reagents   separating gel   stacking gel 

 7.5% 9% 10% 12.5% 15% 5% 

water (mL) 6.1 5.6 5.3 4.5 3.68 3.45 

acryl-/bisacrylamide (mL) 2.5 3.0 3.3 4.1 4.92 0.85 

1 M Tris pH 8.8 (mL)      0.63 

3 M Tris pH 8.8 (mL) 1.25 1.25 1.25 1.25 1.25  

10% (w/v) SDS (µL) 100 100 100 100 100 50 

APS (µL) 75 75 75 75 75 37.5 

TEMED (µL) 15 15 15 15 15 7.5 
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has either been blotted (see below) or stained with Coomassie Brilliant Blue (18 mL ddH2O, 3 mL 

Roti®-Blue, 3 mL methanol) overnight and destained with 25% methanol (v/v). Finally, Coomassie gels were 

scanned for documentation. If not indicated otherwise, 10% SDS-PAGEs were used. 

 

4.3.4 Western blotting 
 

As already mentioned at the beginning of section 4, Western blotting is a standard technique first published 

almost 40 years ago [177]. Western blots were used in this thesis to address various issues such as 

recombinant protein expression, monitoring of protein purification or signal transduction. The basic protocol 

however, was comparable for all applications. After adjustment of an appropriate protein concentration, the 

proteins obtained of various sources (see 4.1.1.2, 4.1.1.3, 4.1.1.4, 4.3.5) were separated by SDS-PAGE 

(4.3.1) and blotted (400 mA, 100 V, approximately 1 hour in a Tank blot, see 3.4) onto nitrocellulose 

membranes (3.3). Subsequently, the membranes were blocked for 1 hour using 5% milk powder in PBST 

and washed afterwards at least 4 times with PBST (non-phosphorylated proteins) or TBST (phosphorylated 

proteins) (see also 3.1, 3.2). After removing all the remaining milk powder, the membranes were incubated 

with antibodies (3.6) diluted in PBST (for non-phosphorylated proteins, with 5% milk powder if the antibody 

is cross-reactive) or TBST containing protease-free 2% BSA (phosphorylated proteins, see 3.1) for at least 

16 hours overnight at 4°C on a shaking table (3.6). Afterwards, the antibodies were removed thoroughly 

and the membranes were washed with PBST or TBST (depending on phosphorylation) for 4 times, 

5 minutes each washing step and were incubated with the respective secondary antibodies (diluted in 

PBST/5% milk powder or TBST/2% BSA) for 1 hour. Subsequently, the washing steps were repeated once 

more and eventually the respective bands were visualized using a Western blot imager (3.4) and ECL (3.1) 

with the membrane between two foils. The blots were finally evaluated using ImageJ (3.12). Loading 

controls were performed afterwards on the same membrane comparable to the procedure of the primary 

antibody. By visualizing multiple targets on one blot the membranes were cut into slides at the 

corresponding molecular weight.  

Occasionally, the controls were hard to distinguish from the background of the primary antibodies, in this 

case it was necessary to remove the primary antibody or at least the secondary antibody from the 

membrane before adding the loading control. For this purpose, stripping buffer (3.2) was heated to 60°C 

and added to the membrane on a vibrating table for 20 minutes. Afterwards, the membrane was washed at 

least 5 times with PBST and the fresh antibody was applied. Additional blocking steps were not required.  

 

4.3.5 Fast protein liquid chromatography (FPLC) 
 

For purification of recombinant sCLU as well as for the separation of necrotic cell lysates the FPLC was 

utilized.  

 

4.3.5.1 Protein purification with FPLC 
 

The purification of recombinant sCLU has already been described [174, 176] and published [189]. 

Furthermore, other groups also presented a purification strategy [27]. Moreover, an exact protocol for the 

sCLU purification has been given to the MPI for Polymer Research in Mainz (Volker Mailänder). 

Nonetheless, the basic principle will be described briefly according to [189]. HEK‑293 cells overexpressing 

mouse sCLU or human sCLU (cleaved & uncleaved) were cultivated to a confluency of 100% and were 

subsequently serum-starved for at least 60 hours. Dead or detached cells were removed from the 

supernatant by centrifugation (1,000xg, 30 minutes, 4°C). The DMEM-based buffer of the cleared sCLU-

enriched supernatant, was substituted by LEW buffer containing 7% glycerol (3.2) via a membrane filter 
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unit (30 or 50 kDa, see 3.3) connected to a peristaltic pump (3.4). The obtained solution was subjected to 

a FPLC column packed with 2g Ni-IDA Resin (3.1). After two washing steps with 100 mL LEW buffer (the 

second step with additional 25 mM Imidazol), the bound sCLU fractions were eluted by using elution buffer 

containing 250 mM Imidazole (three fraction á 10 mL). Finally, the elution buffer was substituted with PBS 

(at least 4 times) by using a centrifugation filter unit (30 or 50 kDa). The final protein concentration was 

adjusted to 1 μg/μL as determined by a Bradford assay (4.3.1).  

 

4.3.5.2 Size exclusion chromatography 
 

The size exclusion chromatography of necrotic cell lysates has already been described previously [190] 

and is graphically depicted in Fig.34. The size exclusion has been carried out as follows: HEK-293 cells, 

grown to full confluency in at least five T175 flaks, were removed as described above (4.1.1.1) and were 

freeze/thawed in 5 mL phosphate buffer (3.2) and further processed (4.1.1.4). After obtaining the clear 

supernatant, the necrotic cell lysate was applied to an ultracentrifuge (4.1.1.4). The supernatant obtained 

after ultracentrifugation was hereafter utilized to a centrifugation filter unit (50 kDa, see 3.3) twice (5 minutes 

and 20 minutes, each at 4,600xg on 4°C). The flow through was used for further experiments and the 

non-filtrated remaining was applied to a size exclusion column (see 3.4, Superdex200) in the following 

manner: A 2 mL Loop was connected between vault 2 and 6 to an ÄKTA system (3.4). Hereafter, the size 

exclusion column was connected, equilibrated with phosphate buffer (3.2) and the flow path was adjusted 

to load. Approximately 2.5 mL of the prepared necrotic cell lysates (with or without ultracentrifugation) were 

loaded into a scissor and injected into vault 4. After changing the option to flow path inject, the sample 

passed the column with an approximate flow rate lower than 1 mL/minute. The fractions were collected, 

further processed (4.3.1 & 4.3.2), and applied to the cells (4.1). Please note, that fractions which were 

applied on living cells have never been precipitated. A standard calibrate curve was obtained in a 

comparable manner (3.5).  

 

4.3.6 Chaperone activity assays 
 

The chaperone activity assays of sCLU have already been described [174] and published [189]. 

Nevertheless, the basic principle will be described briefly according to [189]. Additional information is also 

included in the respective Figure Legends. Necrotic cell lysates were obtained from HEK‑293 cells as 

already described (4.1.1.4) and diluted in phosphate buffer (3.2). Catalase (1 mg/mL) or necrotic cell lysates 

(750 μg/mL) was mixed with sCLU (see above, 75 μg/mL or 100 μg/mL depending on the experiment, 

respectively) or BSA (83 μg/mL) as a non-chaperone control in a total volume of 100 μL with 1x precipitation 

buffer (3.2). The assay was performed at 50°C for 150 minutes, respectively, while protein precipitation was 

concomitantly monitored by detecting the OD at 360 nm (turbidity) using an ELISA reader (3.4). All data 

were corrected, by the absorption of plain assay buffer. 

 

4.3.7 Deglycosylation and reduction of sCLU 
 

The deglycosylation of sCLU has already been described/published [189] and was carried out as follows: 

Partial deglycosylation was achieved by treatment of sCLU together with three exoglycosidases. 100 μg 

sCLU diluted in 100 μL PBS was incubated with 4.2 U/μL α2,3-neuraminidase, 0.7 U/μL β1,4‑galactosidase 

and 0.3 U/μL β‑N‑acetylglucosaminidase at 37°C for 12 hours under gentle agitation at pH 6. Subsequently, 

the buffer was substituted by PBS using a membrane filter unit (5 kDa). For full deglycosylation, sCLU 

(25-400 μg) was treated with various concentrations of PNGase F in PBS (see Figures). Please note that 

the deglycosylation is more successful by using smaller volumes. The reduction of sCLU was carried out 
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concomitantly with sCLU deglycosylation or separately for 6 to 12 hours as described above with various 

concentrations of DTT. Additional information is also included in the respective Figure Legends. 

 

4.3.8 Circular dichroism spectroscopy (CD spectroscopy) 
 

Information of a protein’s folding is important to explain changes in the behavior of proteins, such as 

alterations in the activity. CD spectra however, provide solely information of the content of secondary 

structure and do not allow a final assessment of the protein folding. The basic principle is the measurement 

of the absorption of left and right circular polarized light by a protein. The relative mean residual ellipticity 

(MRE) measured is specific for certain secondary structure elements within a defined wavelength under 

standard conditions (20°C, thickness 1 mm) and at defined molecular weight and concentration of the 

protein solution. By using algorithms, the relative secondary structure elements within a protein can be 

calculated. More as to the principle of CD spectroscopy can be found elsewhere [188, 191]. The CD 

spectroscopy of sCLU has already been described/published [189] and was carried out as follows: The 

measurements were carried out in a CD spectrometer (3.4) with 0.1 μg/μL protein diluted in phosphate 

buffer (3.2) in a step-scan mode using 1.0 mm path length quartz cells (3.4) at 20°C. CD spectra were 

obtained via a step resolution of 1.0 nm and a bandwidth of 5.0 nm at a sensitivity of 100 mdeg. The 

correction of an average spectrum acquired from three scans was performed in relation to the blank buffer 

and smoothed with a Savitzky‑Golai convolution using Spectra Manager (3.12). The prediction of secondary 

structures was carried out on the Dichroweb website (http://dichroweb.cryst.bbk.ac.uk/) using the CDSSTR 

algorithm and the reference data set 7 (optimized for 190 nm to 240 nm) [192]. Molecular masses of 70 kDa 

for fully glycosylated, 61.4 kDa for partially and 55.6 kDa for fully deglycosylated sCLU were assumed. All 

sCLU forms are considered to have a length of 478 aa (427 aa+51 aa tag), except for mouse sCLU with 

484 aa.  

 

4.3.9 Fluorescence spectroscopy 
 

To measure relative changes in the overall folding of proteins, fluorescence measurements of molecules 

which enter the hydrophobic core of proteins were carried out. The organic compound ANS (3.1) is capable 

to bind hydrophobic areas within a protein accompanied by increased fluorescence. Therefore, an elevated 

fluorescence signal upon ANS application is an indicator for protein unfolding. The procedure was carried 

out as follows: sCLU was reduced as described in 4.3.7. Hereafter, 1 µM sCLU was mixed with 7.5 µM 

ANS (molar excess) for 30 minutes, the entire solution was filled up to 200 µL with phosphate buffer and 

measured in a fluorescence spectrometer (3.4). The excitation wavelength was 370 nm and the emission 

was measured between 400 nm and 600 nm, with a gap width of 5 nm at 25°C (temperature control).  

 

4.3.10 MALDI-TOF MS 
 

To determine the success of full sCLU deglycosylation, MALDI-TOF MS (Matrix-assisted laser 

desorption/ionization time of flight mass spectroscopy) analyses were carried out by dilution in a sialic acid 

matrix. The analyses occurred using a Shimadzu CFR Axima (Kratos Analytica) and were carried out by 

Dr. Berger-Nicoletti at the Institute for Organic Chemistry (University of Mainz). 
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4.4 Bioinformatics 
 

4.4.1 Alignments 
 

For the comparison of two or more nucleotide or protein sequences non-commercial alignment tools were 

used (Nucleotide BLAST, Protein BLAST and Clustal Omega). To conduct alignments, the default settings 

were applied. Data for alignments and further analyses were collected via DNA sequencing (4.2.3.4), 

obtained from NBCI or UniProt (experimental verified and predicted sequences, see App.1 & App.2). 

 

4.4.2 Prediction/determination of SSCR, N-glycosylation, furin cleavage sites, 

homolog protein domains and protein sequence identity 
 

To predict SSCRs (signal sequence coding regions), N-glycosylation, furin-like proprotein convertase 

cleavage sites and homologies, SignalP 4.1 [193], NetNGlyc 1.0 [194], ProP 1.0 [195] and the Batch Web 

CD-search tool [196-199] were used. The default settings of all programs were unaltered. In the case of 

NetNGlyc predictions, only glycosylation sites without proline at Xaa in the sequon Asn-Xaa-Ser/Thr and a 

relative potential ˃ 0.5 were used for further evaluations.  

To determine the identity/conservation of various protein sequences, the AL2CO tool [200] was used with 

default settings. 

Additional analyses (such as for hydrophobicity, residual type and conservation) were conducted with the 

multiple sequence alignment program PRALINE utilizing the default settings [201-203]. For all PRALINE 

analyses the full-length protein sequences (excluding Chelonia mydas, Nomascus leucogenys and 

Loxodonta africana) were applied.  

 

4.4.3 Prediction of disorder tendency  
 

The relative disorder tendency was predicted using IUPred [204, 205]. For comparison of all animal classes 

84 species with the CLU full-length protein of 445 aa (+17 aa) were chosen and the protein length was 

adjusted to 445 aa by truncating the N-terminus. As a putative intrinsically disordered protein [20, 24] the 

prediction type for long-disorder proteins were chosen. After prediction of all species, the mean of all animal 

classes was separately calculated and plotted together with the mean of other animal classes in one 

diagram. For single comparison, the untruncated CLU full-length protein was used.  

 

4.4.4 Prediction of secondary structures 

 

Secondary structure elements were calculated using JPred [206]. As in the case of disorder prediction, 

84 species with an average length of 445 aa were used (see above) and all sequences were aligned to 

obtain an average distribution of putative secondary structure elements. For single comparison, the 

untruncated CLU full-length protein was used. The secondary structures indicated in the corresponding 

Figures were obtained by Jnet prediction and coiled-coil domains were deduced from Lupas Coil Prediction 

at a window size of 28 with at least 50% probability.  

Additional analyses were conducted with the multiple sequence alignment program PRALINE utilizing the 

default settings [201-203]. For all PRALINE analyses the full-length protein sequences (excluding Chelonia 

mydas, Nomascus leucogenys and Loxodonta africana) were applied. 
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4.4.5 Generation of phylogenetic trees 

 

The description of this method, is adopted by the output of Phylogeny.fr. The analysis was performed on 

the Phylogeny.fr platform [207-213] and comprised the following steps. Sequences were aligned using 

MUSCLE (v3.8.31) configured for highest accuracy (MUSCLE with default settings). After alignment, 

ambiguous regions (i.e. containing gaps and/or poorly aligned) were removed with Gblocks (v0.91b) using 

the following parameters: minimum length of a block after gap cleaning 10, no gap positions were allowed 

in the final alignment, all segments with contiguous non-conserved positions bigger than 8 were rejected, 

minimum number of sequences for a flank position were 85%. The use of Gblocks were enounced in the 

case of poor-aligned sequences or in the case of sequences with an input of less than 200 aa. The 

phylogenetic tree was reconstructed using the maximum likelihood method implemented in the PhyML 

program (v3.1/3.0 aLRT). The WAG substitution model was selected assuming an estimated proportion of 

invariant sites (of 0.061) and 4 gamma-distributed rate categories to account for rate heterogeneity across 

sites. The gamma shape parameter was estimated directly from the data (gamma=0.999). Reliability for 

internal branch was assessed using the aLRT test (SH-Like). Graphical representation and edition of the 

phylogenetic tree were performed with TreeDyn (v198.3). All branches with a support value smaller than 

50% were collapsed.  

 

4.4.6 Transcriptomics 
 

To find factors are expressed in cells which might be responsible for the observed effects transcriptome 

data obtained from TRON in Mainz (http://celllines.tron-mainz.de/) were used. Since more than 

20,000 potential genes exist, the threshold for the search was set at the first 1,000 highest expressed 

targets. The assumption was that the observed effect must correlate with a sufficient expression of the 

gene. After removing of all genes except of the first 1,000 genes, the data of 5 various cell lines were 

compared using a Venn Diagram (see 3.12 & http://bioinformatics.psb.ugent.be/webtools/Venn/). After 

finding only genes which remain in cell lines with the observed effects, the genes were analyzed using the 

Webgestalt server (http://www.webgestalt.org/) concerning the cellular location the gene product resides. 

Additionally, the genes were co-checked using PhosphoSitePlus (http://www.phosphosite.org/) and Uniprot 

(http://www.uniprot.org/). After finding candidate genes which are in frame, the relative expression of the 

candidate genes (no threshold!) was calculated relative to the expression of all transcripts in a cell. 

Afterwards, the relative expression was compared to the relative expression in PC-3 cells. Only gene 

targets in negative cells with a relative expression rate lower than 0.1 relative to PC-3 were taken into 

further analyses due to genes with a higher expression level can be detected in PCR reactions (data not 

shown) and are therefore probably expressed in a sufficient manner even in “negative” cells.  

 

4.5 Statistical analyses 
 

For assessment of the statistical significance of the obtained data various statistical tests were performed. 

Whenever possible, all statistical tests were performed using the mean of various experiments and the 

standard error. However, by using data sets obtained from single experiments or data whose values were 

independently collected from one another (e.g. obtained from various species) the standard deviation was 

calculated to shows how the individuals differ from the calculated mean. By comparing two data sets (e.g. 

Ctrl vs. stimulated) the unpaired, two-tailed Student’s t test were used. By increasing the amount of data 

sets a one-way ANOVA either followed by Dunnett’s test for multiple comparison (by comparing data sets 

with one control), Tukey’s multiple comparison test or Bonferroni multiple comparison test was performed. 

All statistical analyses were carried out using GraphPad Prism (3.12).  
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5 Results 

In this paragraph results obtained from experimental findings and bioinformatic 

approaches will be presented. Note that some of the results might be part of articles 

published during the course of the present doctoral thesis [19, 189]. 

 

5.1 Evolution, structure and chaperone activity of the CLU protein 
 

The CLU protein is still considered to be enigmatic due to no reliable structural information 

or discrete function is known yet. Nevertheless, CLU is described as a natively unfolded 

or intrinsically disordered protein which displays chaperone-like activity. Based on these 

finding, the first section will focus on the chaperone activity of CLU, the comparison of 

structural components of the CLU protein of various species and a subsequent 

experimental validation. 

 

5.1.1 Cloning and characterization of mouse CLU 
 

The chaperone activity of CLU is one of the most reliable CLU-based assays ever 

performed [21]. However, it was never addressed whether CLU, except of human origin, 

also displays chaperone activity. Therefore, in this section mouse CLU was cloned and 

further analyses were conducted. 

 

5.1.1.1 Determination of the transcription start site of mouse CLU mRNA 
 

The exact determination of the transcription start site of a gene is important for further 

molecular biological approaches. Even though a predicted mRNA sequence is available 

in the database it has never been figured out where the transcription of the CLU mRNA 

starts. Fig.11 shows the result of a 5’ RACE PCR of cDNA reverse transcript by mRNA 

obtained from mouse yolk sac cells followed by Sanger sequencing as described in the 

Methods Section. 

Fig.11 Result of the 5’ RACE PCR and Sanger sequencing of reverse transcribed mouse yolk sac cell cDNA. +1 

indicates the first base downstream the amplified cDNA end.  

 

As expected, the mouse CLU mRNA starts 23 bp downstream of the TATA box. Similar 

results were obtained in the case of human CLU elsewhere [11, 174]. 



Results 

- 41 - 
 

  

5.1.1.2 Purification of sCLU mouse 
 

Based on the determined start site of mouse mRNA the full-length mouse cDNA was 

cloned in pcDNA6/V5-His B, stably transfected into HEK-293 cells and finally purified via 

affinity chromatography. The purification of mouse sCLU is depicted in Fig.12.  

 

 

Fig.12 Purification of sCLU mouse. A Stable transfected single clone of sCLU mouse overexpressing HEK-293 cells 

were seeded 1:10 in ten T175 flasks, grown for five days and set serum-free after reaching more than 90% confluency 

for 60 hours. Subsequently, the supernatants were processed as described in the Methods Section. The numbers 

indicate the following purification steps: 1 buffer-exchanged supernatant prior to FPLC; 2 FPLC flow through; 3 first 

washing step with LEW buffer; 4 second washing step with LEW buffer + 10% elution buffer; 5-7 elution steps with 

100% elution buffer, 10 mL each fraction. Western blot (anti-V5 antibody) and Coomassie analyses of the purification 

steps under non-reducing (A,B) and reducing (C,D) conditions on 10% SDS-PAGEs with 30 µL of the corresponding 

fraction per lane. (E) Chromatogram of the corresponding FPLC run shown in A-D.  

 

Fig.12 shows the success of the purification of recombinant secretory mouse CLU (sCLU 

mouse). Intriguingly, both chains are only weakly attached to one another since a band 

was observable corresponding to the β-chain visible in Fig.12A under non-reducing 

conditions. However, in Coomassie-stained SDS-PAGEs (Fig.12B), no intense bands in 

the size of both single chains visually emerged, indicating that the vast amount of the 

sCLU protein is intact. Nevertheless, it must be mentioned that similar observations had 

not been made in the case of recombinant human sCLU [27, 174, 176]. Further, it must 

be noted that similarly to human sCLU purifications impurities are present that might be 

the result of sCLU chaperone activity. The yield of ten T175 flasks with more than 90% 

confluency and 60 hours on serum-free is about 1.3 mg protein. In contrast, blank 

purification with solely pcDNA6 transfected cells but in the same way as in case of sCLU 

overexpressing cells, is leading to a yield of about 34 µg protein. The co-purified proteins 

in the fractions are therefore most likely not a result of unspecific protein binding to the 

column (see also App.8).  
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5.1.1.3 Chaperone activity and CD spectroscopy of human & mouse sCLU 
 

After purifying recombinant mouse sCLU, it was of interest whether the structure and 

activity of mouse sCLU is comparable to human sCLU (Fig.13). 

 

 

Fig.13 Comparison of human and mouse sCLU. (A) Reducing Coomassie gel (10% SDS-PAGE) with 3 µg recombinant 

sCLU mouse and human per lane. Note that the lanes were on the same gel but not in neighboring lanes. (B) CD 

spectra of human and mouse sCLU. All CD spectra were obtained at wavelengths ranging from 190 to 260 nm in 1 nm 

intervals. The spectra shown illustrate the means of three consecutive scans. Plotted is the ellipticity θ (mdeg) against 

the wavelength λ (nm), whereas intervals of 2 nm were chosen for a better illustration (n=3). (C) Chaperone activity 

assay using 75 µg/mL sCLU (mouse and human) or 83 µg/mL BSA with 1 mg/mL catalase as client protein under 

reducing conditions. Data plotted in intervals of 5 min. The represented data were obtained from a single experiment 

using triplicates. Error bars correspond to standard deviation. The data shown are representative for three independent 

experiments. 

 

As shown in Fig.13A, both chains of mouse sCLU have a different molecular weight in 

comparison to human sCLU. The β-chain of mouse sCLU is approximately 3 kDa larger 

and the α-chain 3 kDa smaller than the corresponding bands of human sCLU. This result 

was expected due to human sCLU has three N-glycosylation on each chain, whereas 

mouse sCLU displays four N-glycosylation on the β-chain and only two N-glycosylation 

on the α-chain (determined with NetNGlyc, see 4.4.2). The average size of all six 

N-glycosylation (assuming standard glycosylation, [14, 16]) is 14.4 kDa. One 

glycosylation therefore has a size of approximately 2.4 kDa. Nonetheless, CD 

spectroscopic analyses reveal a comparable CD spectrum to human sCLU (Fig.13B). The 

average content of secondary structures is: 62.0±13.4% α-helices, 9.3±3.4% β-sheets, 

12.0±4.2% turns and 17.3±6.0% unordered/random coiled. Finally, mouse sCLU also 

displays a chaperone activity comparable to human sCLU (Fig.13C), even though the 

activity of the mouse sCLU is slightly impaired. In summary, mouse sCLU is almost 

identical to human sCLU pointing to a conserved role as an extracellular chaperone. 
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5.1.2 Comparison of the CLU protein between various species 
 

Encouraged by the findings above (5.1.1) it was of interest how conserved the CLU 

protein itself and its structural properties really are. Indeed, the mouse and human 

full-length CLU protein has an identity in the aa (amino acid) sequence of 77% but are 

comparable in their structure and chaperone activity. It was therefore of interest whether 

basic concepts of the CLU protein are conserved among CLU-bearing animals ranging 

from fishes to higher mammalians.  

 

5.1.2.1 Identity/conservation of the aa sequence among various species 
 

Initially, the Conservation Index of the CLU protein within the protein sequences obtained 

from 105 various species was calculated using AL2CO (4.4.2). Fig.14 shows the 

conservation of the CLU protein. Further information is listed in App.1.  

 

 
Fig.14 The conservation of the CLU protein between various species calculated with AL2CO after alignment with Clustal 

O (v1.2.4). Also included are the average SSCR (SignalP 4.1.), the putative FC recognition site RxxR (ProP & [195]) 

and putative glycosylation sites (NetNGlyc 1.0). Positions of amphipathic α-helices and cysteine-rich regions were 

adopted from [24]. The blue letters are indicating aa of an identity ≥1.3. Identical aa within the CCR are not indicated 

due to lack of space. Note that 40 highly identical aa are located outside of the CCRs and 25 within the CCRs. SSCR 

signal sequence coding region; CRR cysteine-rich region; RLC region of low conservation.   
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For a reliable alignment Chelonia mydas, Nomascus leucogenys and Loxodonta africana 

were excluded from the analysis. The conservation of the remaining 105 species, 

including 33 fishes (“Pisces”), 3 amphibians (Amphibia), 11 reptiles (Reptilia), 7 birds 

(Aves) and 54 mammals (Mammalia) is illustrated in Fig.14. The overall calculated identity 

is about 39%. All 105 tested protein sequences displaying CLU-like domains of the CLa 

and CLb superfamily. Moreover, all CLU proteins show a high conservation within the 

cysteine-rich regions (CCRs). Five disulfide bonds are potentially possible in every tested 

species. The length of the signal sequence coding region (SSCR) differs between 19 aa 

(Xaenopus tropicalis) and 36 aa (Ophiophagus hannah). Two species, included in the 

analysis, show no evidence for a SSCR, namely Oncorhynchus mykiss and Alligator 

mississippiensis. Furthermore, Nomascus leucogenys and Loxodonta africana (both 

excluded from the analysis above) also show no SSCR. The average length of the 

preproprotein is 451 aa and the mature CLU protein has an average size of about 429 

aa. Regions of the N-glycosylation sites also show high levels of conservation, whereas 

the positions of the N-glycosylation sites on the α-chain are more conserved than the N-

glycosylation on the β-chain, displaying a higher variability. The average number of N-

glycosylation is about 5.2. Intriguingly, the amount of potential glycosylation sites differs 

between animal classes (see below). Beside low identity at the C- and N-terminus, which 

might be an artifact of the alignment, at least two areas (RLCs, regions of low 

conservation) are displaying a tremendous impaired conservation. First, the area 

approximately between position 212 and 345 (RCL-I) and second the area between 

position 438 and 472 (indicated as RLC-II in Fig.14). Interestingly, the recognition site for 

furin-like proprotein convertases (FC recognition site) is located within the RLC-I but 

shows high conservation (see arrow RxxR). Moreover, the putative amphipathic α-helices 

[24] are located at least in partially conserved regions.  

 

5.1.2.3 Prediction of disorder tendency and secondary structures  
 

Due to the notion that CLU is an intrinsically disordered protein with putative amphipathic 

α-helices it was of interest whether the order within the CLU protein and putative 

secondary structure elements are conserved among species. To determine the disorder 

tendency and to predict secondary structure elements, candidate proteins with an 

average length of 445 aa + 17 aa were chosen and truncated to 445 aa at the N-terminus 

to obtain equal protein size. The remaining 84 species (2 of 3 amphibians, 7 of 7 birds, 

43 of 54 mammals, 27 of 33 fishes and 5 of 11 reptiles) were used for further analyses. 

Note that the average identity with 84 species instead of 105 species was not significantly 

altered (data not shown). After predicting the disorder tendency and secondary structures 

as shown in Fig.15, an evolutionary tendency for fluctuating order/disorder was revealed. 

The most extensive stretch of disorder was obtained at the N-terminus downstream the 

SSCR which is in accordance with an extended α-helical/coiled-coil structure and 
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encompasses an area of approximately 80 aa with one glycosylation site. The area within 

RLC-II (approximately 20 aa) also shows a high disordered tendency but β-sheets instead 

of α-helices. The sections of the CCRs and of the glycosylation sites show mostly low 

disorder tendency except for the first glycosylation site on the α-chain upstream the CCR1 

and the second glycosylation site of the β-chain downstream the FC recognition site 

(RxxR). Intriguingly, the glycosylation sites on the β-chain are located within an 

α-helical/coiled-coil area. Furthermore, RLC-I shows a mixed disorder tendency. The area 

upstream and around the putative FC recognition site (RxxR) shows low disorder 

tendency whereas the section containing the putative amphipathic helix 3 (AH3 [24]) 

shows an immediate increase in disorder. Finally, the C-terminus of the CLU protein 

shows a comparable low disorder tendency and the presumed amphipathic α-helix 5 (AH5 

[24]).  

 

 

Fig.15 Prediction of disorder tendency and secondary structures. 84 animals with equal CLU protein length were 

selected for prediction of disorder tendency and secondary structure content using IUPred and JPred. For depiction, 

the mean of each class (Mammalia, “Pisces”, Aves, Amphibia and Reptilia) were plotted together and error bars 

correspond to the standard deviation. Putative furin-like proprotein recognition sites RxxR and glycosylation sites were 

predicted as shown in Fig.14. SSCR signal sequence coding region; CRR cysteine-rich region; RLC region of low 

conservation.   

 

Taken together, areas of importance in processing the CLU expression (CCRs, FC 

recognition site & glycosylation sites) are more present in sections of low disorder 

tendency, whereas areas potentially involved in CLU chaperone activity and other 
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presumed functions display higher disorder tendencies. Moreover, the overall rate of 

predicted α-helices among species is 46.3% versus 10.5% β-sheets, renders CLU in 

summary as a predominately α-helical/unordered protein as already suggested [20, 24]. 

 

5.1.2.4 Phylogenetic tree based on the CLU aa sequence of various species 
 

Encouraged by findings of various aa identity but similar structural organization it was of 

interest whether the full-length aa sequence of CLU or the sequence of RLC-I and other 

areas with low aa identity are specific evolutionary adaptions within the tested animals. 

Phylogenetic trees based on the full-length CLU protein (Fig.16) and after truncation 

(App.2) were calculated.  
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Figure 16 Circular phylogenetic tree based on the full-length CLU protein sequence of 105 species calculated as 

described above (4.4.5). The meaning of colored arrows will be discussed below. Please note that the illustrated 

animals are either copy free or were designed by the author of this thesis.  

 

The phylogenetic tree in Fig.16 show that based on the aa sequence of CLU full-length 

protein, a lineage between species can be deduced. The majority of animals tested can 

be found in the groups they usually belong [214]. Three major mammalian 

branches/infraclasses can be found: Marsupialia (represented by Monodelphis domestica 

and Sarcophilus harrisii, orange arrow), Monotremata (represented by Ornithorhynchus 

anatinus, red arrow) and Placentalia (represented by the remaining mammals). Birds and 

reptiles are emerging from a common origin and are dividing into two branches with 

sub-branches/orders for Squamata (lizards and snakes) at the one hand and Crocodylia 

together with Psittaciformes, Falconifirmes, Cuculiformes and Galliformes on the other 

hand. Furthermore, fishes are organized in distinct classes: Sarcopterygii (Latimeria 

chalumnae, green arrow) and Actinopterygii (represented by Lepisosteus oculatus and 

remaining teleosts) as representatives of the Osteichthyes and Chondrichthyes 

(represented by Chiloscyllium plagiosum and Callorhinchus milii, blue arrow). The basic 

phylogenetic order derived from the sequence of the CLU full-length protein 

approximately remains after solely using RLC-I (minor changes) for analysis or after 

excluding the SSCR, RLC-I, RLC-II and the C-termini, respectively (App.2). Taken 

together, the phylogenetic analyses are indicating that the CLU protein even without the 

highly variable areas can be used for assessment of ancestry.  

 

5.1.2.5 Comparison of the FC recognition site among various species 
 

Nonetheless, even though the RLC-I shows a high variability across the species, the 

RxxR motif seems to be highly conserved as depicted in Fig.14. From 108 species tested 

only three species (all fishes!) do not display the putative FC recognition site motif RxxR 

[195] (Fig.17C). Two of them are belonging to the class of Chondrichthyes (Chiloscyllium 

plagiosum and Callorhinchus milii) and one to the class of Osteichthyes (Ictalurus 

punctatus). Nevertheless, Ictalurus punctatus shows a motif comparable to RxxR 

(PIYR|S) which also show the conserved serine residue downstream of the putative 

FC recognition site motif (see also App.1 and [195]). Intriguingly, fishes show the highest 

diversity of putative FC recognition sites with a ratio, of potential various FC recognition 

sites towards species tested, of 0.45 (15/33). In comparison reptiles and birds both 

display a ratio of approximately 0.275 (3/11 and 2/7, respectively). The ratio of 

amphibians is 1, whereas the extent of tested species was minor (only three species). 

Nevertheless, the lowest ratio can be found in mammals 0.15 (8/54). The most frequent 

FC recognition sites in all species is the motif RFAR (21%), RVVR (11%) and RIVR (10%). 

Interestingly, the RIVR motif occurs predominately in mammals with the exception of Esox 

lucius (fish). Moreover, all primates, except for Pongo abelii (RIIR), are carrying the RIVR 
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motif. Additionally, only two mammals tested show two putative FC recognition sites 

(Castor fiber and Dipodomys ordii). The ratio of double motifs to single motifs within the 

mammalian class is therefore lower than 0.04. In all other animal classes (except for 

amphibians) the ratio of double motifs to single motifs is 0.36 (fish), 0.83 (reptiles) and 

1.33 (birds). 

 

Fig.17 Comparison of FC recognition sites of 108 species of various animal classes. (A) Amount of various FC 

recognition sites within animal classes based on [195]. (B) FC recognition sequences within single species. (C) Three 

of 108 tested animals without RxxR consensus sequence. Ictalurus punctatus were taken from [215] under the terms 

and conditions of the Government of Canada. Illustrations of C.milii and C.plagiosum are copyright free and can be 

found here [216, 217]. 
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In summary, more than 97% of all species tested bear at least one putative FC recognition 

motif. The motif is conserved within an area of low aa identity (RLC-I) but is not present 

in Chondrichthyes. Furthermore, a tendency to a single recognition site and a decreased 

variability of potential FC recognition sites can be observed in mammals. Fishes are the 

most heterogeneous animal class concerning FC recognition site motifs.  

 

5.1.2.6 Comparison of the N-glycosylation among various species 
 

After finding the CRR, the FC recognition site, structural elements such as α-helices, 

coiled-coil domains and an overall increased structural disorder, to be fundamental 

features of the CLU protein among various vertebrate classes, the glycosylation remains 

to be proved. Indeed, the glycosylation of sCLU is probably one of the most important 

structural components due to up to 30% of human sCLU variant being glycosylated [14, 

16]. 

Fig.18 compares the amount of glycosylation sites between various vertebrate classes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.18 Comparison of glycosylation sites of 108 species of various animal classes. (A) Diagram of the amount of 

putative glycosylation sites calculated with NetNGlyc 1.0. (B) Statistical evaluation of differences. The error bars 

correspond to the mean±standard deviation. Data were analyzed by using an unpaired, two-tailed Student’s t test 

(****P<0.0001; ***P<0.001; **P<0.01; *P<0.05). 
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Comparable to the above discussed FC recognition sites, an evolutionary tendency even 

in the case of the glycosylation sites is observable. The average number of glycosylation 

sites beside mammals is at highest in the case of amphibians (4.7), whereas this class 

also shows the lowest number of species tested (only three species tested). The average 

number of glycosylation sites is 4.0 (fish), 3.6 (reptiles) and 3.3 (birds). One exception 

once more are mammals with an average amount of 6.6 potential glycosylation sites. Only 

Monodelphis domestica (Marsupialia) has an expected number of glycosylation sites 

lower than 5. Other exceptions are Alligator mississippiensis and Alligator sinensis with 

5, as well as Xenopus laevis with 5 and Bufo gargarizans with 6 glycosylation sites. 

Scleropages formosus displays the lowest amount of glycosylation sites with 2 potential 

N-glycosylation located on the α-chain. Taken together: Increased glycosylation of CLU 

is presumably a mammalian-specific feature.  

 

5.1.2.7 Comparison of Callorhinchus milli and Homo sapiens 
 

Finally, it was of interest whether a direct comparison of distantly related species confirms 

the concept of an evolutionary conservation of basic CLU features. For this purpose, the 

CLU aa sequence of Callorhinchus milii and Homo sapiens was compared (Fig.19). Both 

species displaying an identity in their aa sequence of about 35%. Callorhinchus milii 

belongs to the class of Chondrichthyes which is separated from the remaining vertebrates 

about 425 to 460 million years ago [214, 218]. Callorhinchus milii in particular, belongs to 

the order of Holocephali which have followed their own evolutionary route distinct from 

the remaining Chondrichthyes about 400 million years ago [214, 218]. Intriguingly, the 

first primates emerged in the history of life about 63 million years ago and the first man-

like animals/monkeys are not older than 20 million years [214]. That means in turn that 

there are more than 425 million years of separate evolution between the CLU protein of 

Callorhinchus milii and Homo sapiens. Fig.19 shows the result of the comparison. 
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Fig.19 Prediction of disorder tendency and secondary structures. The full-length aa sequence of Callorhinchus milii and 

Homo sapiens was used for the analyses as described above. (A) Prediction of disorder tendency and secondary 

structures using UIPred and JPred. Glycosyaltion sites were predicted with NetNGlyc and are red highlighted. (B) 

Alignment of the aa sequence using Clustal Omega. Concerning prediction of SSCR (signal sequence coding region), 

CCR (cysteine-rich region) please see 4.4.  

 

The comparison of disorder tendency between Callorhinchus milii revealed a similar 

tendency as described above. Nevertheless, the average disorder tendency of 

Callorhinchus milii CLU is about 0.27 vs. 0.32 in the case of Homo sapiens. It is important 

to note that Callorhinchus milii displays the lowest disorder tendency of 84 animals tested. 

The next relative to Callorhinchus milii used in the analysis is Chiloscyllium plagiosum 

which display an average disorder tendency of 0.35. The average disorder tendency 

among the animal classes are: 0.32 Mammalia, 0.36 Osteichthyes, 0.31 Chontrichthyes, 

0.31 Amphibia, 0.34 Reptilia and 0.32 Aves. Therefore, Callorhinchus milii is an exception 

of all animals tested concerning its disorder tendency. Moreover, Callorhinchus milii and 

Chiloscyllium plagiosum do not show the putative coiled-coil domain at the C-terminus 

but a comparable distribution of the remaining secondary structures. Furthermore, as 

already mentioned above, both Chontrichthyes do not bear the putative FC recognition 

site and display glycosylation sites only in the section of the usual β-chain. Nonetheless, 

in both cases a SSCR and both CCRs are present. Taken together, even though CLU of 

Homo sapiens and Callorhinchus milii are separated by more than 425 million years, both 

are 1) potential secretory glycoproteins, 2) may form five disulfide bonds, 3) have 

extended α-helices/coiled-coil domains at the N-terminus and a stretch of β-sheets at the 

C-terminus, 4) show comparable peaks of higher disorder tendency at approximately the 

same position within the aa sequence and 5) share three equal N-glycosylation sites.  

 

5.1.3 Role of FC cleavage & glycosylation for sCLU chaperone activity 
 

The proteolytic maturation and the high glycosylation are apart from the disulfide bonds 

the most prominent structural elements of sCLU. Nevertheless, the role of these two 

features are poorly investigated. This section will therefore shed light on the dependence 

of sCLU chaperone activity from its glycosylation and proteolytic maturation. 

 

5.1.3.1 FC cleavage is no prerequisite for secretion & chaperone activity of sCLU 
 

Fig. 20 illustrates an approach for the creation of uncleaved sCLU and its behavior in 

chaperone activity assays. To find out whether the proteolytic maturation is a prerequisite 

for processing, secretion and chaperone activity of sCLU, mutant constructs in the 

putative recognition site for furin-like proprotein convertases (FC recognition site) were 

created and transiently transfected into HEK-293 cells (Fig. 20A-C). Subsequently, 
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overexpressing cells were selected, sufficient amounts were purified and chaperone 

activity assays were performed (Fig. 20D).  

 

  
Fig.20 Generation of uncleaved sCLU and verification of its chaperone activity. (A) Schematic depiction of key features 

of recombinant CLU construct and indication of the furin-like proprotein convertase (FC) recognition and cleavage site. 

(B) Transient transfection of HEK-293 cells for 18 hours and subsequent serum-free cultivation for additional 24 hours. 

Finally, cell culture lysates and supernatants were collected and 10% reducing SDS-PAGEs and Western blots were 

performed using the anti-V5 antibody. As loading control Ponceau staining was carried out (* alternative iCLU form; 

** cleaved high-mannose precursor). (C) Illustration of the cross-road of representative protein bands (D) HEK-293 

cells were transfected as described above but were set on serum-rich medium afterwards. After reaching full confluency 

the cells were passaged to fresh 6-well plates and selected using 10 µg/mL Blastidicin. Eventually, mutant sCLU (RIVQ, 

uncleaved) and wild type sCLU (cleaved) were purified and chaperone activity assays were performed. Briefly, 

75 µg/mL sCLU or 83 µg/mL BSA was incubated with 750 µg/mL necrotic cell lysates under non-reducing conditions. 

Data plotted in intervals of 15 min. The represented data were obtained from a single experiment using triplicates. Error 

bars correspond to standard deviation. The data shown are representative for at least three independent experiments.  

 

Importantly, the proteolytic maturation is neither required for sCLU protein maturation nor 

for secretion. Furthermore, the lack of proteolytic maturation is no prerequisite for sCLU 

chaperone activity. As expected, the C-terminal arginine residue of the RIVR motif is the 

key aa for FC recognition [195] as the RITR mutation does not affect the proteolytic 
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maturation. Apart from the notions to be evolutionary conserved (5.1.2) no necessity of 

the proteolytic cleavage was detectable. 

 

5.1.3.2 Terminal carbohydrates are no prerequisite for chaperone activity of sCLU 
 

To further assess whether the glycosylation is involved in sCLU chaperone activity, in a 

first approach the distal carbohydrates were trimmed (Fig. 21). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.21 Partial deglycosylation of the distal carbohydrates and determination of remaining chaperone activity. (A) 

Schematic depiction of sCLU glycosylation and indication of the cleavage site of glycosidases used. (B) Western blot 

analyses of partially deglycosylated cleaved and uncleaved sCLU on 9% SDS-PAGEs with 200 ng protein per lane 

under non-reducing conditions using the anti-V5 antibody. (C) Chaperone activity assay with 1 mg/mL Catalase as 

client protein, 75 µg/mL sCLU and 83 µg/mL BSA as control under non-reducing conditions. Data plotted in intervals of 

5 min. The represented data were obtained from a single experiment using duplicates to triplicates. Error bars 

correspond to standard deviation. The data shown are representative for two to three independent experiments. 

 

As shown in Fig. 21 cleaved and uncleaved sCLU retains its chaperone activity after 

removal of the distal carbohydrates. Even though a slight increase in chaperone activity 

of cleaved and uncleaved as well as of full and only partially deglycosylated sCLU is 

visible, distal glycosylation is no prerequisite for sCLU to act as a molecular chaperone.  

 

 

 



Results 

- 54 - 
 

  

5.1.3.3 PNGase F treatment diminishes sCLU chaperone activity 
 

For complete deglycosylation the endoglycosidase PNGase F was used and the success 

concerning residual glycosylation, chaperone activity and folding were assessed (Fig.22). 

 

 
Fig. 22 Approach for complete deglycosylation of sCLU using PNGase F (A) Schematic depiction of the PNGase F 

cleavage site. (B) Western blot analyses of cleaved sCLU deglycosidation using PNGase F at various concentrations 

after 12 hours of digestion. 200 ng protein was applied to a 9% SDS-PAGE under non-reducing conditions and 

detection of sCLU was carried out using the anti-V5 antibody. The arrow indicates remaing glycosylation. 

(C) MALDI-TOF MS analyses of cleaved sCLU digested with various concentrations of PNGase F. (D) Chaperone 

activity assay using 75 µg/mL sCLU untreated or digested with 6.25 U/µL PNGase F or 83 µg/mL BSA with 1 mg/mL 

catalase as client protein under non-reducing conditions. Data plotted in intervals of 5 min. The represented data were 

obtained from a single experiment using triplicates. Error bars correspond to the standard deviation. The data shown 

are representative of three independent experiments. (E) The absorbance data obtained between 90 and 150 min 

(plateau phase) in chaperone activity assays (see above) was taken as a measure for the relative chaperone activity. 

The BSA control is regarded as not being active as a molecular chaperone. Relative chaperone activity is expressed 

in relation to data obtained concerning untreated cleaved sCLU which is assumed to have a chaperone activity of 

100%. For the evaluation, the data of three independent experiments, each with the mean of three measurements were 

used. The error bars correspond to the mean±standard errors. Data were analyzed by using an unpaired, two-tailed 

Student’s t test (***P<0.001; **P<0.01; *P<0.05). (F) CD spectra of cleaved and uncleaved sCLU treated with or without 

glycosidases. Purified cleaved or uncleaved sCLU was either treated with or without α2,3-neuraminidase, 

β1,4‑galactosidase and β‑N‑acetylglucosaminidase (F1) or 6.25 U/μL PNGase F (F2). All CD spectra were obtained at 

wavelengths ranging from 190 to 260 nm in 1 nm intervals. The spectra shown illustrate the means of three consecutive 
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scans and are representative of several individual experiments. Plotted is the ellipticity θ (mdeg) against the wavelength 

λ (nm), whereas intervals of 2 nm were chosen for a better illustration. (G) Calculated percentage of secondary structure 

elements of cleaved and uncleaved sCLU in accordance with CD spectra measurements (±standard errors). The results 

were obtained from measurements carried out five to six times. Data were analyzed by using one-way ANOVA, followed 

by Bonferroni multiple comparison test (***P<0.001; **P<0.01; *P<0.05). 

 

Stewart et al. 2007 [31] reported that 0.1 U/µL PNGase F is sufficient for sCLU 

deglycosylation with no adverse impact on folding and activity of sCLU. Due to residual 

glycosylation in [31], an increase in PNGase F concentration was used as shown in 

Fig. 22. As demonstrated (Fig. 22B & C) an increase of PNGase F concentration in 

comparison to [31] up to 2.25 U/µL and 6.25 U/µL still leaves sCLU partially glycosylated. 

The chaperone activity, however, is impaired by about 50% (Fig. 22D & E). Moreover, 

tremendous changes in the amounts of α-helices of about 60% to 40% occurs in both, 

uncleaved and cleaved sCLU, after PNGase F digestion. In contrast, the amounts of 

β-sheets (about 7% to 14%), turns (about 12% to 16%) and unordered regions (about 

19% to 29%) increases (Fig. 22F2 & G). Intriguingly, partially deglycosylation does not 

promote a significant change in the measured CD spectra (Fig. 22F1). These data 

indicate a dependence of the chaperone activity and folding of sCLU towards its 

core-glycosylation.  

 

5.1.3.4 sCLU chaperone activity depends on glycosylation and FC cleavage 
 

Due to remaining residual glycosylation even after digestion with high concentrations of 

PNGase F (Fig.22), deglycosylation was carried out under reducing conditions to render 

sCLU glycosylation sites more accessible for deglycosylation. Intriguingly, after use of 

DTT for 12 hours the β-chain was fully deglycosylated but now the α-chain showed 

residual glycosylation (Fig.23A). Finally, an incubation for 6 hours in the absence and 

subsequent incubation in the presence of 40 mM DTT successfully removed all 

glycosylation on both chains and even on uncleaved sCLU (Fig.23A & B). It is important 

to note that the deglycosylated uncleaved sCLU has a slightly lower molecular weight 

than the corresponding 55 kDa band in the lysates of transfected HEK-293 cells 

(Fig.23B). The CLU band at 55 kDa therefore corresponds to the mistranslocated CLU 

form 1-449 still bearing the ER leader peptide (see also Fig.20 & [11]). As expected after 

generating fully deglycosylated sCLU an impairment in chaperone activity by 90% 

(uncleaved sCU) and 80% (cleaved sCLU) was observable (Fig.23D & F). Most 

importantly, however, is the finding that uncleaved sCLU shows a tremendous sensitivity 

towards reducing conditions (Fig.23C & E). Depending on the used quantity of sCLU, the 

decline in chaperone activity of uncleaved sCLU was between 65% (using 100 µg/mL, 

Fig.23E) and 85% (using 75 µg/mL, Fig.23F). Intriguingly, even by using 40 mM DTT in 

case of cleaved sCLU, in comparison the 5 mM DTT in the case of uncleave sCLU, the 
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sCLU chaperone activity of uncleaved sCLU was abolished more severe (15% vs. 20%) 

(Fig.23E).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.23 Approach for complete deglycosylation using PNGase F in combination with DTT. For successful full 

deglycosylation of sCLU, the following approaches were tested: 1) PNGase F treatment in the absence of DTT for 

12 hours, 2) with 40 mM DTT for 12 hours, 3) without DTT for 6 hours and subsequent addition of 40 mM DTT for 

another 6 hours. Remaining glycosylation in Western blot analyses is indicated by black arrows. (A) Full deglycosylation 

of cleaved sCLU on 12.5% SDS-PAGEs under reducing conditions. To detect the sCLU β-chain, the anti-V5 antibody 

and for the α-chain the 41D antibody was used. (B) Full deglycosylation of uncleaved sCLU was verified on a 9% 

SDS-PAGE under reducing conditions. To compare fully deglycosylated uncleaved sCLU with stress-induced 

unglycosylated non-secreted CLU forms, as described previously [11], 50 μg of whole cell lysates from HEK‑293 cells 

transiently transfected with recombinant wild type CLU constructs, were analyzed (see also Fig.20). The detection of 

CLU was realized by using the anti-V5 antibody. (C, D) As deglycosylation using PNGase F without DTT for 6 hours 

and subsequent for another 6 hours in the presence of 40 mM DTT was successful, chaperone activity assays were 

performed as described (Fig.20 & 21) but under reducing conditions (addition of 5 mM DTT). The represented data 
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were obtained from a single experiment using triplicates. Error bars correspond to standard deviation. The data shown 

are representative of three independent experiments. (E) Chaperone activity assays of cleaved and uncleaved sCLU 

incubated in the presence of 5 or 40 mM DTT for 0, 6 or 12 hours at 37°C. The assays and the analyses were carried 

out as described above but with 100 µg/mL sCLU (C & D). Data points are means of three measurements, error bars 

correspond to the standard deviation. The data shown are results of at least three independent experiments. 

(F) Cleaved and uncleaved sCLU were incubated as described above (A & B). Subsequently, chaperone activity assays 

were performed (see C & D) and data were analyzed as described in Fig. 22E. For the evaluation, the data of three 

independent experiments, each with the mean of three measurements were used. The error bars correspond to the 

mean±standard errors. 

 

Taken together, these data suggest that the chaperone activity of sCLU is dependent on 

glycosylation and on the proteolytic cleavage after exposure to reducing conditions. 

 

5.1.3.5 Impaired sCLU chaperone activity upon reduction can be restored 
 

The finding that uncleaved sCLU is sensitive to reducing conditions raises the question 

whether this inhibition is irreversible and whether the decline is associated with severe 

structural changes in comparison to cleaved sCLU (Fig.24). 

 

 
Fig.24 Rescue of the DTT-induced impairment in sCLU chaperone activity. (A) The procedure is in accordance with 

the approach described in Fig.23E & [19]. After 12 hours of incubation with or without 40 mM DTT at 37°C, sCLU was 

either subsequently used for chaperone activity assays (Ctrl reducing and non-reducing) or DTT was substituted by 

PBS using a 5 kDa cut-off filter unit at 4°C and used for chaperone activity assays immediately after buffer exchange 

or after 48 hours on 4°C. For the evaluation, the data of three independent experiments, each with the mean of three 

measurements were used. The error bars correspond to the mean±standard errors. Data were analyzed by using an 

unpaired, two-tailed Student’s t test (***P<0.001; **P<0.01; *P<0.05). (B) To figure out whether uncleaved sCLU tends 

to unfold more severe than cleaved sCLU both sCLU proteins were incubated with 40 mM DTT for 12 hours. 

Subsequently, the samples were incubated with ANS and measured using a fluorescence spectrometer. 

 

To determine whether DTT-induced inhibition of uncleaved sCLU chaperone activity is 

irreversible, DTT was removed after 12 hours of incubation and sCLU was further 

processed/assayed as described in Fig.24. Intriguingly, the chaperone activity of cleaved 

sCLU can be restored by 20% to about 90% and the activity of uncleaved sCLU by 30% 
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to about 60% (Fig.24A). However, it was still questionable how the tremendous 

impairment in chaperone activity of uncleaved sCLU upon DTT treatment was caused. 

One possibility is a serious unfolding. To test this, fluorescence spectroscopic 

measurements were carried out (Fig.24B). The fluorescence spectroscopic measurement 

using ANS indicating that upon DTT treatment cleaved and uncleaved sCLU unfold in a 

comparable manner. These data suggest that the decline of chaperone activity of 

uncleaved sCLU has another reason. 

 

5.2 The role of CLU in the face of necrosis 
 

As already mentioned in the Introduction (section 1.7 & 1.8), the occurrence of the CLU 

protein is often related to situations of “uncontrolled” cell-death, necrosis. The putative 

role is primarily to act as a molecular chaperone and thus to support the removal of cell 

debris, misfolded protein and dying cells. Moreover, it has been suggested that CLU 

promotes cell survival and even proliferation, presumably acting in an oncogenic fashion. 

Additionally, other reports came across indicating adverse effects, such as promoting cell 

death. Nevertheless, the process of necrosis, especially the impact on surrounding 

neighboring cells is currently poorly understood. Furthermore, the mechanism(s) of how 

CLU is upregulated in vital neighboring cells close to necrosis is barely explored. This 

section will address effects of necrotic cell lysates on vital cells, if CLU upregulation as a 

response to necrotic lysates takes place and how CLU potentially affects vital cells. Fig.25 

will give a brief overview concerning the basic approach of a necrotic cell death assay. 

 

 

 

 

 

 

 

 

 

 

 

 

             Fig. 25 Preparation of necrotic cell lysates. Further details please see the Methods Section (4.1.1.4). 

Please note that the following section contains excerpts of the article: Rohne et al. 2017 

“Exposure of Vital Cells to Necrotic Cell Lysates Induce the IRE1α Branch of the Unfolded 

Protein Response and Cell Proliferation”. 
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5.2.1 Necrotic cell lysates induce JNK signaling and CLU upregulation 
 
As described in the Introduction (section 1.5) the CLU promoter bears at least two 

stress-related elements that might be responsible for CLU upregulation upon cellular 

stress, which is presumably present in necrotic tissue. At one hand the AP-1 binding site 

(recognized by AP-1 activated by the JNK signaling pathway) and on the other hand the 

so-called CLE element (a binding sequence for HSFs). Therefore, it was tested whether 

the JNK signaling pathway and/or a heat shock response is activated in vital neighboring 

cells upon treatment with necrotic cell lysates (Fig.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.26 Necrotic cell lysates induce the JNK/SAPK signaling pathway. HEK-293 cells were preincubated with or without 

10 µM JNK inhibitor SP600125 for 9 hours. (A-C) After preincubation, cells were stimulated with either 10 µM MG-132 

or 1 mg/mL necrotic cell lysates (nec) in the presence or absence of SP600125 for 2 hours (Western blot), 5 hours 

(reporter assays) or 6 hours (sqRT-PCR). (A) JNK (p46/p54) phosphorylation analyses were carried out by Western 

blot (n=3). (B) AP-1 luciferase reporter assays: Chemiluminescence was measured and is shown relative to blank 

vector stimulated with 1 µM PMA. As transfection control pTER-EGFP was co-transfected. Data shown are the 
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mean±standard errors of three independent experiments. Data were analyzed by using one-way ANOVA, followed by 

Tukey’s multiple comparison test. (D) To test whether SP600125 affects the secretion, sCLU overexpressing HEK-293 

cells were incubated initially with 10 µM SP600125 for 4 hours (serum-free) followed by 6 hours of incubation with fresh 

10 µM SP600125 containing serum-free medium. Western blot analyses were carried out with 30 µL medium per lane 

on a reducing SDS-PAGE using the sc-6419 antibody. As control DMSO in equal amounts was applied (n=2-3). (E,F) 

HEK-293 cells were stimulated with 1 mg/mL necrotic cell lysates (nec), BSA, FBS, 5 ng/mL TNF or 1 μg/mL LPS 

(under serum-free conditions) for 6 hours after 4 hours serum-free preincubation. (E) sqRT-PCR analyses for CLU 

transcription with GAPDH as control (n=3) (F) Western blot analyses for secreted sCLU with 30 µL medium per lane 

(n=3) (G) sqRT-PCR analyses for the transcription of CLU, IP-10 (NF-κB positive control) with GAPDH as loading 

control were performed in HEK-293 cells preincubated with or without 25 µM NF-κB inhibitor Parthenolide (Parth.) for 

4 hours. After preincubation, cells were stimulated with either 5 ng/mL TNF or 1 mg/mL necrotic cell lysates (nec) in 

the presence or absence of 25 µM Parthenolide for 6 hours (n=2). 

 

After application of necrotic cell lysates to vital HEK-293 cells, elevated JNK 

phosphorylation (p54/p46), AP-1 reporter activity, CLU transcription upregulation and 

secretion was found (Fig.26A-C & E-G). In contrast, the increase in transcriptional 

upregulation and secretion was absent in cells treated with BSA, TNF, LPS or FBS 

pointing to the specificity of the cellular response (Fig.26E&F). Moreover, the 

transcriptional upregulation of CLU, JNK (p46/p54) phosphorylation and AP-1 reporter 

activity was abolished in the presence of the JNK inhibitor SP600125 (Fig.26A-C). 

Comparable results were obtained after treatment with the proteasome inhibitor MG-132, 

a potent JNK inducer (Fig.26A&C). Nevertheless, the transcriptional upregulation of CLU 

after stimulation with MG-132 was not reversed by SP600125 indicating an alternative 

route (Fig.26C). Indeed, a transcriptional upregulation of HSP27, serving as a marker 

gene for the heat shock response, was detectable in both MG-132 and necrotic cell lysate 

stimulated cells (Fig.26C). Nevertheless, the inhibition of the heat shock response by 

SP600125 in the case of necrotic cell lysates was less robust in the case of MG-132. 

Additionally, it must be mentioned that SP600125 inhibits the constitutive secretion of 

sCLU (sCLU overexpressing cells under the control of a CMV promoter) as demonstrated 

in Fig.26D. It is therefore not possible to connect CLU transcriptional upregulation with its 

secretion in the presence of SP600125. Taken together, necrotic cell lysates induce the 

JNK/SAPK-AP-1 signaling pathway and the heat shock response but not the NF-κB 

signaling pathway, as shown by usage of the NF-κB inhibitor Pathenolide [120] (Fig.26G).  

 

5.2.2 Necrotic cell lysates induce the IRE1α branch of the UPR 
 

To determine which pathway(s) triggers the JNK phosphorylation and thus CLU 

upregulation, multiple possibilities, such as UV light, growth factors, Src kinases (App.7A) 

or TNF (Fig.26E-G), were excluded. Nonetheless, the IRE1α branch of the UPR (Section 

1.9.2) is also prone to induce the JNK signaling pathway. Even though it has been 

considered that the activation of an UPR suppresses CLU upregulation and secretion 

[158], it was tested whether a UPR is activated after application of necrotic cell lysates 

(Fig.27).  
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Fig.27 Necrotic cell lysates induce the IRE1α branch of the unfolded protein response (UPR). (A) sqRT-PCR analyses 

for the transcription of CLU, ERdj3, BiP, CHOP, GADD34 and XBP1 with GAPDH as loading control were performed 

in HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates (nec) or 1 μM Thapsigargin (Tg) for 6 hours (n=3). (B) 

qRT-PCR analyses of HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates were carried out. Values are 

represented as mean±standard errors from three independent experiments. Data were analyzed by one-way ANOVA, 

followed by Dunnett’s test for multiple comparison (***P<0.001; **P<0.01; *P<0.05). (C) Western blot analyses of 

HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates (nec) or 1 μM Thapsigargin (Tg) for 6 hours (BiP and CLU) 

or 2 hours (eIF2α) (n=3). (D) HEK 293 cells were preincubated in the presence of various concentrations of the IRE1α 

kinase inhibitor Kira6 and subsequently stimulated with 1 mg/mL necrotic cell lysates in the presence of Kira6 for 

2 hours (Western blot) or 6 hours (sqRT-PCR and cell culture supernatants) (n=3). (E) sqRT-PCRs and Western blot 

analyses of HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates for 6 hours in presence of 5 μg/mL of the 

translation inhibitor Cycloheximide (n=3). 

 

To determine whether an UPR is active upon stimulation with necrotic cell lysates, 

sqRT- and qRT-PCR analyses were conducted encompassing all three branches of the 

UPR (see section 1.9.2).  Intriguingly, after 6 hours of stimulation with necrotic cell lysates, 

significant XBP1 splicing and transcriptional upregulation of CLU and BiP was observable 

(see section 1.9.2). In contrast, elevated transcription of ERdj3 (ATF6 branch), GADD34 

or CHOP (PERK branch) was not induced (Fig.27A & B). Furthermore, a translational 

upregulation of BiP (Fig.27C), in accordance with increased sCLU secretion, but no eIF2α 

phosphorylation (PERK branch) (Fig.27C) was detectable strengthening the notion that 
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necrotic cell lysates specifically activate the IRE1α branch of the UPR. Nevertheless, the 

ER stress inducer Thapsigargin (in contrast to necrotic cell lysates) induces the IRE1α 

and the PERK branch of the UPR as demonstrated by enhanced XBP1 splicing and 

elevated transcript levels of CHOP and GADD34 (Fig.27A). Further, an increased BiP 

expression (Fig.27A & C) and eIF2α phosphorylation (Fig.27C), but no CLU 

transcriptional upregulation and sCLU secretion was observable (Fig.27A & C). 

Interestingly, after using the validated IRE1α kinase inhibitor Kira6, the transcriptional 

upregulation and secretion of CLU was impaired in a dose-dependent manner (Fig.27D). 

In correlation, JNK (p54/p46) and IRE1α phosphorylation was also decreased pointing to 

a link of the UPR and CLU expression. Intriguingly, at high concentrations of Kira6, XBP1 

splicing emerged despite of decreased IRE1α phosphorylation which is possibly a result 

of increased IRE1α oligomerization [141, 142, 219]. To test whether the XBP1 splicing is 

driven by a protein overload within the ER the translation inhibitor Cycloheximide was 

utilized (Fig.27E). Surprisingly, no difference in XBP1 splicing, but impaired sCLU 

secretion was observed demonstrating no correlation of increased protein load in the ER 

but rather a direct effect of necrotic cell lysate on the activation of UPR.  

 

5.2.3 The UPR-CLU axis remains elusive  
 

Encouraged by findings that the IRE1α kinase inhibitor Kira6 impairs CLU upregulation, 

it was of interest to confirm an UPR-CLU axis in other approaches. Fig.28 shows the 

results of usage of another IRE1α kinase inhibitor (APY29), IRE1α overexpression and 

IRE1α knockdown. As illustrated in Fig.28 none of the approaches was successful to 

prove the IRE1α-CLU link. The IRE1α kinase inhibitor APY29 promotes IRE1α and JNK 

phosphorylation (Fig.28A), as well as XBP1 splicing (Fig.28B) after stimulation with 

necrotic cell lysates. The later notion has already been reported elsewhere [141, 219], 

describing APY29 as a drug which promotes IRE1α oligomerization. Nonetheless, APY29 

has never been tested in cell culture or animals, there are solely ex vivo studies available 

yet. Intriguingly, at high APY29 concentrations (˃0.5 µM), XBP1 is no longer detectable 

but remains unspliced after application of necrotic cell lysates (Fig.28B). Once more, 

sCLU is still secreted from the cell up to a concentration of ˂1.5 µM APY29. The second 

approach with overexpressed IRE1α recombinant constructs leaves sCLU secretion 

unaltered but also does not elevates the CLU protein or mRNA level (Fig.28C). Note that 

the blank transfection of IRE1α does not activate JNK (p46/p54) phosphorylation or CLU 

upregulation (data not shown). Finally, IRE1α knockdown also not changes CLU 

upregulation, but prevents BiP upregulation and XBP1 splicing (Fig.28E).  
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Fig.28 No confirmation for an UPR-CLU axis. (A,B) HEK-293 cells were preincubated with APY29 at various 

concentrations or DMSO as control and subsequently stimulated with 1 mg/mL necrotic cell lysates (nec) in presence 

of APY29 or DMSO for 2 hours (A) or 6 hours (B). (A) Western blot analyses conducted on 7.5% (IRE1α) or 10% (JNK, 

p46/p54) SDS-PAGEs (n=4). (B) sqRT-PCR for CLU expression and XBP1 splicing plus Western blot analyses for 

sCLU secretion using the sc-6419 antibody (n=3). (C) HEK-293 cells were transfected with pcDNA6 (mock) or 

pcDNA6-IRE1α full-length (IRE1α) for 6 hours, splitted into fresh 6-well plates and grown for another 40 hours, 

subsequently the transfected cells were set serum-free for 4 hours and eventually stimulated with 500 µg/mL necrotic 

cell lysates (nec) for 2 hours (Western blot) or 6 hours (sqRT-PCR & supernatants) (n=5). (D,E) HEK-293 were reverse 

transfected with siRNA (siScr & siIRE1α) for 40 hours, set serum-free for 4 hours and were stimulated with 1 mg/mL 

necrotic cell lysates for 2 hours (Western blot) or 6 hours (sqRT-PCR & supernatants) (n=3). 

 

In summary, the approaches to show an UPR-CLU axis were insufficient.  
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5.2.4 Necrotic cell lysates promote cell proliferation 
 

Due to detection of stress-related pathways induced in cells challenged with necrotic cell 

lysates, it was of interest whether the affected cells are undergoing apoptosis. Fig.29 

shows the results of FACS analyses, MTS and proliferation assays.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.29 Necrotic cell lysates promote proliferation. (A) FACS analyses of cells stimulated for 24 hours with necrotic cell 

lysates (nec) were performed using annexin V (apoptosis) or 7-AAD (necrosis) (n=4). (B). Assessment of the ratio of 

vital cells, early apoptosis and whole cell number (after 24 hours of stimulation with 1 mg/mL necrotic cell lysates, nec). 

Values shown are the mean±standard errors of three to four independent experiments. Data were analyzed by using 

an unpaired, two-tailed Student’s t test (***P<0.001; **P<0.01; *P<0.05). (C) 100,000 HEK-293 cells were seeded into 

24-well plates and grown for 24 hours, subsequently the cells were stimulated with 1 mg/mL necrotic cell lysates (nec) 

for another 24 hours and finally counted with a Neubauer counting chamber. Values shown are the mean±standard 

errors of seven independent experiments. Data were analyzed by using an unpaired, one-tailed Student’s t test 

(***P<0.001; **P<0.01; *P<0.05). (D) MTS assays with HEK-293 cells after 24 hours stimulated with 1mg/mL necrotic 

cell lysates (nec). Values shown are the mean±standard errors of three independent experiments. Data were analyzed 

by using an unpaired, two-tailed Student’s t test (***P<0.001; **P<0.01; *P<0.05). (E) EdU-Click assays with HEK-293 

cells after 24 hours stimulated with 1 mg/mL necrotic cell lysates (nec). Values shown are the mean± standard errors 

of six independent experiments. Data were analyzed by using an unpaired, two-tailed Student’s t test (***P<0.001; 

**P<0.01; *P<0.05). 
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After testing whether cells are more apoptotic after treatment with necrotic cell lysates it 

was surprising that there was no significant difference in the amount of vital cells 

compared to control cells in FACS analyses using annexin V and 7-AAD (Fig.29A). 

Intriguingly, an elevated number of cells was found in samples stimulated with necrotic 

cell lysates (Fig.29B & C). This result was supported by a 2.5-fold increase in metabolic 

activity measured by MTS assays (Fig.29D) and cell proliferation assay using the 

EdU-Click system (Fig.29E). These results are indicating that necrotic cell lysates 

facilitate a contribution instead of an adverse effect on vital neighboring cells.  

 

5.2.5 Elevated cell proliferation is not caused by IRE1α, CLU or AiF 
 

The surprising result that cell viability and proliferation are elevated after application of 

necrotic cell lysates raises the question concerning underlying mechanisms. At first it is 

of interest whether CLU, UPR or the mechanism of apoptosis-induced proliferation (AiF) 

[220, 221] is responsible. To address this question, stable CLU knockdowns, IRE1α 

overexpression and Caspase-3 inhibition were carried out (Fig.30).  
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Fig.30 CLU, IRE1α and AiP does not contribute to elevated cell viability/proliferation. HEK-293 cells stable transfected 

with pTER-EGFP encoding CLU shRNA (shCLU) or scramble (shScr), stimulated with 1 mg/mL necrotic cell lysates 

(nec) for 6 hours (Western blot analyses, A) or 12 hours (MTS assays, B) (n=3) (C) 10,000 HEK-293 cells stable 

transfected with shCLU or shScr (see above) were seeded into 96-well plates and grown for 24 hours. Afterwards, the 

cells were transfected with pcDNA6 (mock) or IRE1α-pcDNA6 (IRE1α) for 6 hours. Subsequently, the cells were set 

serum-free for 12 hours and finally a MTS assay was performed (n=3). (D) 10,000 HEK-293 were seeded into 96-well 

plates and grown for 24 hours. Subsequently, the cells were transfected with pcDNA6 (mock) or BAX-pcDNA6 (BAX) 

for 18 hours with concomitant stimulation of 1 mg/mL necrotic cell lysates (nec) for 12 hours in the presence of 5 μM 

Q-VDOPh (n=3). (E) Cell aggregation assays with 20,000 HEK-293 cells in 96-well plates for 48 hours (n=4). (B-E) All 

values shown are the mean±standard errors. Data were analyzed by using an unpaired, two-tailed Student’s t-test 

(***P<0.001; **P<0.01; *P<0.05). 

 

CLU and IRE1α are known to exert cytoprotective and even cell proliferative functions 

[19, 72, 74, 80, 95, 105, 106, 108, 128, 152, 168]. Furthermore, it is known that Caspase 

3-mediated apoptosis can trigger cell proliferation in neighboring cells, a mechanism 

which is known as apoptosis-induced proliferation (AiP) [220, 221]. To test whether CLU, 

IRE1α and/or AiP contribute to the observed proliferation, stable CLU knockdowns 

(Fig.30A & B), IRE1α overexpressing constructs (Fig.30C) and the pan caspase inhibitor 

QVD-OPh (Fig.30D) were used. Eventually, in none of the approaches a modulation in 

cell viability was observable pointing to an alternative mechanism. Interestingly, by 

subjecting the CLU knockdown cells to a cell aggregation assay a decline in cell 

aggregation was observable in the case of CLU knockdown cells, which is in accordance 

with [2]. 

 

5.2.6 The mTOR- and ERK1/2 signaling contribute to increased cell viability 
 

Thus, CLU, IRE1α and AiF failed to be responsible for the observed advantage effects to 

cell viability, it was of interest whether the mTOR and the ERK1/2 signaling pathway, two 

pathways which are described as promoting cell proliferation [222], are involved (Fig.31). 

Since ERK1/2 and mTOR signaling is known to stimulate cell proliferation the involvement 

of these pathways was tested. In cells treated with necrotic cell lysates elevated levels of 

phosphorylated ERK1/2, mTOR, p70- & p85S6 ribosomal kinase (p70/p85S6K), and S6 

ribosomal protein (S6) were found (Fig.31A). Surprisingly, phosphorylation of all targets 

was inhibited using the IRE1α kinase inhibitor Kira6, implying a rather broad spectrum of 

Kira6 target molecules (Fig.31B). As expected, necrotic cell lysates-induced 

phosphorylation of p70/p85S6K, and S6 was successfully prevented in cells treated with 

the mTOR inhibitor Rapamycin (Fig.31C). To determine how Kira6 and Rapamycin alter 

the viability of the necrotic cell lysate stimulated cells, MTS assays were performed. Kira6 

drastically masked the enhanced viability of cells stimulated with necrotic cell lysates, 

whereas Rapamycin was less efficient (Fig.31D & E). 
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Fig.31 ERK1/2 and the mTOR signaling pathways contribute to elevated cell viability/proliferation. (A) HEK-293 cells 

were incubated with various concentrations of necrotic cell lysates (nec) for 2 hours and Western blots were performed. 

(n=3) (B, C) HEK 293 cells were preincubated in the presence of various concentrations of the IRE1α kinase inhibitor 

Kira6 or Rapamycin (100 nM) and subsequently stimulated with 1 mg/mL necrotic cell lysates (nec) in the presence of 

Kira6 or Rapamycin for 2 hours. (D,E) MTS assays with HEK-293 cells stimulated with 1 mg/mL necrotic cell lysates 

(nec) were performed in the presence of 10 μM Kira6 or 20 nM Rapamycin for 12 hours. Values shown are the 

mean±standard errors of three independent experiments. Data were analyzed by using one-way ANOVA, followed by 

Tukey’s multiple comparison test (***P<0.001; **P<0.01; *P<0.05). 

 

Taken together, these data indicate that necrotic cell lysates promote cell proliferation 

and viability by activating ERK1/2 and mTOR signal transduction pathways in vital cells. 

This mechanism can be summarized under the term: Necrosis-induced Proliferation 

(NiP). 

 

5.2.7 A protein factor is responsive for UPR, CLU upregulation and NiP 
 

To further shed light on the origin of the observed effects, necrotic cell lysates were 

digested with RNase A (data not shown) and Chymotrypsin (Fig.32). The protease 

Chymotrypsin was used since no adverse effects of Chymotrypsin were observable to the 

cells (data not shown). Intriguingly, after digesting necrotic cell lysates with Chymotrypsin 

ERK1/2, p70/p85S6K, S6 and JNK (p46/p54) phosphorylation, as well as CLU 

transcriptional upregulation and XBP1 splicing was impaired. Nevertheless, mTOR 
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phosphorylation and sCLU secretion (Fig.32B, red arrow) were almost unaltered 

indicating separate mechanisms apart from the remaining effects. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.32 A protein drives the phosphorylation of mTOR, ERK1/2, p70/p85S6K, as well as CLU upregulation and XBP1 

splicing. Fully confluent HEK-293 cells were set serum-free for 4 hours and subsequently stimulated for 2 hours 

(Western blots) or 6 hours (sqRT-PCR, qRT-PCR or supernatants) using necrotic cell lysates (nec) digested with or 

without Chymotrypsin. (A) Western blot analyses on 6% SDS-PAGE (mTOR), 15% p70/p85S6K and 10% (ERK1/2, S6 

& JNK) SDS-PAGEs (n=4). (B) sqRT-PCR for CLU upregulation and XBP1 splicing with GAPDH as control (n=3), as 

well as Western blot for sCLU secretion in supernatants detected with sc-6419 antibody (n=3). (C,D) qRT-PCR analyses 

of CLU upregulation and XBP1 splicing. All values shown are the mean±standard errors of three independent 

experiments. Data were analyzed by using an unpaired, two-tailed Student’s t test (***P<0.001; **P<0.01; *P<0.05). (E) 

Digestion control on 10% SDS-PAGE loaded with 30 µg protein and stained with Coomassie brilliant blue (n=3).  

 

Taken together, these data suggest that the responsible factor is a protein. 
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5.2.8 sCLU secretion is uncoupled from the not-ubiquitous expressed factor 
 
Encouraged by the surprising findings that the digestion of the wanted proteinogenic 
factor does not hamper necrotic cell lysate-mediated increased sCLU secretion, it was of 
interest 1) whether the factor is ubiquitously expressed, 2) whether the factor belongs to 
the known group of danger-associated molecular patterns (DAMPs) and 3) whether sCLU 
secretion and transcriptional upregulation are indeed not correlated. The results of the 
addressed questions are shown in Fig.33. 
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Fig.33 Cell lines expressing the wanted factor as well as correlation of CLU transcriptional upregulation and sCLU 

secretion. (A) HEK-293 cells fully confluent were set serum-free for 4 hours and subsequently were stimulated with 

500 µg/mL necrotic cell lysates obtained from various cell lines (see Figure) for 2 hours (Western blots) or 6 hours 

(sqRT-PCR, and Western blot of supernatants, detecting antibody sc-6419) (n=3). (B) MTS assays with HEK-293 cells 

stimulated with 1 mg/mL necrotic cell lysates obtained from various cell lines for 12 hours. Values shown are the 

mean±standard errors of three independent experiments. Data were analyzed by using one-way ANOVA, followed by 

Tukey’s multiple comparison test (***P<0.001; **P<0.01; *P<0.05). (C) 1.0*106 HEK-293 cells were seeded in 6-well 

plates and were transfected with the vectors pTAL-AP-1 or pTAL-NF-κB, where the luciferase-coding region was 

substituted by full-length CLU as described in the Material and Method Section, for 6 hours. Subsequently the cells 

were passaged 1:3 in fresh 6-well plates and grown for another 36 hours. After reaching full confluency, the cells were 

set serum-free for 4 hours and finally stimulated with 1 µM PMA, 5 ng/mL TNF, 5 ng/mL BSA, 500 µg/mL necrotic cell 

lysates (nec) for 6 hours. Western blot analyses were conducted with the anti-V5 antibody (n=3). (D,E) Confluent 

HEK-293 cells were set serum-free for 4 hours and were stimulated with 1 mg/mL necrotic cell lysates (nec, untreated 

or heated for 30 minutes at 50°C or 60°C, respectively) or 1 µg/mL histone proteins for 6 hours. Finally, Western blot 

analyses of supernatants using the antibody sc-6419 and CLU sqRT-PCRs with GAPDH as loading control were carried 

out. (F,G) Fully confluent SK-N-MC or EA.hy926 cells were set serum-free for 4 hours and were stimulated with 25 µM 

CaCl2, 1 mg/mL necrotic cell lysates (nec, obtained from HEK-293 cells), BSA or FBS for 12 hours. Subsequently, the 

supernatants were precipitated as described in the Method Section and applied to Western blot analyses using the sc-

6419 antibody. To prevent potential false-positive results from endogenous CLU within the necrotic cell lysates (nec), 

1 mg/mL necrotic cell lysates was also precipitated as control (nec w/o cells) (n=2-3).  

 

The notion of an independence of the sCLU secretion from its transcriptional upregulation 

was supported in various experimental settings. First, it was shown that necrotic cell 

lysates obtained from SK-N-MC, MCF-7 and HepG2 cells are not suitable to induce 

ERK1/2, p70/p85S6K and S6 phosphorylation (Fig.33A). In accordance with the absence 

of induction of the investigated signal transduction pathways these lysates also fail to 

induce significant elevation of cell viability (Fig.33B) as well as XBP1 splicing or CLU 

transcriptional upregulation (Fig.33A). Intriguingly, an increased accumulation of sCLU 

was detectable in all supernatants (Fig.33A). Moreover, by conducting reporter assays 

with NF-κB and AP-1 reporters coupled with the CLU full-length protein coding region, no 

secretion of sCLU was detectable in the supernatants of the NF-κB reporters after 

stimulation with TNF even though CLU accumulates in the whole cell lysates (Fig.33C). 

Note that the NF-κB reporter is not activated in the presence of necrotic cell lysates 

confirming the above conducted experiments with Parthenolide (Fig.26G). Further, it was 

detectable that the AP-1 reporter has a basic activity even in its unstimulated state which 

explains the high variability in the conducted luciferase reporter assays described above 

(Fig.26B). Nevertheless, sCLU accumulation in the supernatants is solely present in the 

necrotic cell lysate stimulated lane and not even in the positive control with PMA 

(Fig.33C). Additionally, an impairment in the basic CLU expression was observable after 

application of histone H2B and H3. However, a concomitant decrease in sCLU secretion 

has not been observed in the case of histone H4 implying at least an indirect correlation 

of histone-mediated decline in CLU expression and sCLU secretion (Fig.33D). Similar 

findings were made after heating necrotic cell lysates at 50°C and 60°C, respectively 

(Fig.33E). The higher necrotic cell lysates were heated the more tremendous was the 

impairment in sCLU secretion (Fig.33E). However, necrotic cell lysates, independently of 
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the temperature used for heating, still induce transcriptional upregulation of CLU 

(Fig.33E). Moreover, it was reported that after application of up to 2 µg/mL Actinomycin 

D, a potent transcription inhibitor, it does not prevent necrotic cell lysate-mediated sCLU 

secretion [223]. This result was reproducible. Similar to [223], an inhibition of CLU 

transcriptional upregulation but only minor impairment of sCLU secretion upon stimulation 

with necrotic cell lysates in the presence of 2 µg/mL Actinomycin D for 6 hours was 

observable (App.7B). Eventually, stimulation of EA.hy926 and SK-N-MC cells also show 

an increased sCLU secretion (Fig.33F & G). Nonetheless, CLU transcriptional 

upregulation has never been observed (data not shown). Taken together, the data are 

implying at least two routes: one for sCLU secretion (Fig.32 & 33)/mTOR phosphorylation 

(Fig.32) and another route for ERK1/2 phosphorylation, CLU transcriptional upregulation 

and UPR induction. In this context, it should be mentioned that besides the histone 

proteins tested above, S100A8/S100A9, HMGB1 and HSP72 failed to be responsible for 

the induction of the described pathways (App.7C,E & F). Moreover, interference of TLR4 

signaling by using TLR4 blocking antibodies also show no difference (App.7C & D). 

Therefore, “standard DAMPs” are probably not responsible for the observed effects [113, 

114, 120]. 

 

5.2.9 Location and size of the responsible protein factor 
 
Of approximately 10,000 and 12,000 different proteins which are expressed in cells [224], 

and some researchers even estimate that up to 100,000 various proteins might exist in a 

cell [225], it is indeed difficult to find one distinct protein. Nevertheless, by combining size 

exclusion chromatography and cell death assays at least rough information can be 

obtained. The basic concept of fractionizing is illustrated in Fig.34. 

 

 

 

 

 

 

 

 
Fig.34 Fractionization of necrotic cell lysates. Illustrated is the procedure with ultracentrifugation. Necrotic cell lysates 

without ultracentrifugation was solely centrifuged at 20,000xg at 4°C for 30 minutes and directly applied to size 

exclusion. 

 

Based on the illustration in Fig.34 the necrotic cell lysates were fractionized, results are 

shown in Fig.35. 
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Fig.35 Approximately size of the wanted protein factor. (A) Chromatogram of the size exclusion chromatography as 

described in Methods (4.3.5.2) and Fig.34. 1 = Blue Dextran (approx. 2,000 kDa), 2, 3 & 4 = Apoferritin (trimer, dimer 

and 443 kDa monomer), 5 = Conalbumin (75 kDa), 6 = Carbonanhydrase (29 kDa), 7 = Ribonuclease (13.7 kDa). (B) 

Coomassie-stained SDS-PAGE (10%) of precipitated fractions from size exclusion chromatography carried out with 

necrotic cell lysates which have not been ultracentrifuged (see also Fig.34). (C) Fractions depicted in (B) were applied 

to fully confluent HEK-293 cells (approximately 0.1 mg/mL, 6-well plates, preincubation and stimulation in the presence 

of 3 µM APY29) for 2 hours and ERK1/2 phosphorylation was detected using Western blot. (D) Coomassie-stained 

SDS-PAGE (15%) of precipitated fractions from size exclusion chromatography carried out with necrotic cell lysates 

which have been ultra-centrifuged (see also Fig.34). (E) Western blot analyses (ERK1/2 phosphorylation) of HEK-293 

cells (fully confluent and 4 hours on serum-free) stimulated with the fractions of the separation of necrotic cell lysates 

(nec) as shown in see (D) for 2 hours.  

 

As shown in Fig.35A ultracentrifugation successfully removes higher molecular 

aggregates (x, approximately 2,300 mAU). Further, the use of Amicon centrifugal filter 

tubes also removes lower molecular species (y). The collected fractions were further 

applied to Coomassie-stained SDS-PAGEs and cells (Fig.35B & C, D & E). Interestingly, 
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it was detectable that the protein within the necrotic cell lysates which potentially drives 

NiP is below 45-50 kDa (see ERK1/2 phosphorylation). Please note, that also an increase 

in phosphorylation of IRE1α, p70/p85S6K and S6 phosphorylation was detectable (data 

not shown). However, it is important to note that even proteins of 50 kDa or higher, for 

instance 70 kDa (Fig.35D, arrow a), are passing the Amicon filters (Fig.35D). However, 

these bands might also correspond to SDS-resistant protein aggregates. Nevertheless, 

proteins below 35 kDa are in the majority (Fig.35D). Moreover, by testing the fractions 

obtained from Amicon filtration on HEK-293 cells, at least low ERK1/2 phosphorylation 

occurs which however could be caused due to low protein concentration (Fig.35E). 

Nonetheless, the remaining necrotic cell lysates (R) which were not applied to the size 

exclusion chromatography are more suitable to induce ERK1/2 phosphorylation at the 

same concentration as the Amicon flow through (Fig.34, 35 D & E). These data implying 

that the desired factor is not a high molecular weight factor but is probably larger than 

20 kDa. In a similar study, it was found that a factor leading to comparable effects as 

described (increased cell viability and CLU upregulation) must be between 130 and 

190 kDa [185]. This notion can be excluded based on the findings of this study. In 

summary, the wanted protein factor is approximately between 20 and 50 kDa in size. 

Potential distinct protein weights are ˃40 kDa, 30 kDa or 20 kDa (Fig.35D, arrows). 

Please note that sCLU secretion was detectable in any fraction (data not shown; arrows 

b, c d). 

  

To further obtain information concerning the cellular location of the wanted protein factor, 

HEK-293 cells were heated up to 45°C for 10 minutes and kept in culture afterwards for 

another 3 hours. Subsequently, the cells were centrifuged and the supernatant was 

applied to fresh vital HEK-293 cells (Fig.36A). Intriguingly, this approach revealed an 

increased ERK1/2, mTOR and S6 phosphorylation in the vital cells stimulated with 

supernatants obtained from dying cells but not with supernatants obtained from unheated 

living control cells (Fig.36B). Importantly, in the supernatants collected, α-Tubulin 

(cytoskeleton), GAPDH (cytosol/mitochondria) or Calreticulin (ER) was not detectable 

(Fig.36B). 

  

In summary, the wanted protein factor is probably between 20 and 50 kDa in size and 

located either in the plasma membrane, the extracellular matrix/space or will be secreted 

upon cell stress. 
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Fig.36 Cell dying assay for evidence of the cellular location of the wanted protein factor. (A) Schematic depiction of a 

cell dying assay. (B) Western blot analyses of HEK-293 cells stimulated with supernatants obtained from dying cells as 

described in (A) for 2 hours after 4 hours on serum-free. The Western blots were conducted on 6% (mTOR), 15% 

(p70/p85S6K) and 10% SDS-PAGEs for the remaining targets.  

 

5.2.10 Transcriptomic approach to find the wanted protein factor 
 
Encouraged by evidences of the molecular weight and the potential location of the wanted 

protein factor, transcriptome data of the cell lines (except of HEK-293) tested in Fig.33 

(A&B) were obtained by TRON and comparison analyses were conducted (Fig.37). 

 
Fig.37 Comparison analyses of transcriptome data obtained by TRON. (A) Venn Diagram of cell lines tested above. 

The red 42 indicates candidate genes which are only present in HeLa and PC-3 cells. (B) Candidate genes in HeLa 

and PC-3 cells which are located at the plasma membrane, the extracellular matrix or other areas close to the cell 

surface which allows a spontaneous release without complete destruction of the cell. (C) Expression of the candidate 

genes in all cell lines. (D) Expression of genes relative to the expression of all transcripts relative the expression of the 

corresponding gene in PC-3 cells. (E) sqRT-PCR of the candidate gene FXYD5.  
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After comparison of all cell lines (Fig.37), 42 candidate genes were remained which fulfill 

the requirements listed above (molecular weight, cellular location, expressed only in PC-3 

and HeLa). Eventually, only the candidate gene FXYD5 survives all exclusion criteria. 

Unfortunately, due to closing of the work group it was not possible to test FXYD5 in cell 

culture even though its cloning was successful. The FXYD5 in pcDNA6 constructs can be 

obtained upon request from the author of this thesis.  
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6 Discussion 
 

The extracellular molecular chaperone secretory Clusterin (sCLU) is described as the 

most abundant extracellular chaperone ever found. Nevertheless, its precise function is 

considered “enigmatic”. Over time, a plethora of additional roles suggested, superelevate 

CLU as a key player in cellular settings such as cell death and survival. The initial idea of 

this thesis was to understand how CLU might exactly be involved in these mechanisms, 

especially in the modulation of signal transduction pathways. Unfortunately, initial 

observations finally failed to be proved (App.8), concluding that potential effects might be 

the result of side effects or experimental artifacts. Encouraged from these findings it was 

of interest to find alternative routes for understanding CLUs’ role in the cellular 

homeostasis.  

 

6.1 The evolution of the CLU protein 
 

The importance of a protein is clearly correlated with its occurrence and conservation 

among various species. Surprisingly, only few studies have addressed the expression of 

the CLU proteins beside higher mammalians. Still less studies have addressed the 

evolution of the clu gene or CLU protein. Additionally, it has never been determined 

whether the sCLU protein of other animals, except of humans, displays chaperone 

activity.  

 

6.1.1 Mouse vs. human CLU (sCLU) 
 

In a first approach the CLU protein of one of the close relative to humans, the mouse, 

was cloned, expressed, purified and basic characterizations were conducted. The identity 

in the aa sequence of mice and humans is about 77%. Nonetheless, equal CD spectra 

were obtained and both proteins display a chaperone-like activity (Fig.13B&C), even 

though the activity of mouse sCLU was slightly impaired which might be correlate with the 

observations that both chains are only loosely connected with one another (Fig.12A). 

However, predictions of the secondary structure of mouse vs. human CLU using the 

full-length aa sequence (JPred) revealed: 55.8% vs. 52.8 α-helices and 4.9% vs. 9.1% 

β-sheets. The CD spectra measurements however, show in both species approximately 

60% α-helices and 9% β-sheets, the remaining secondary structures are 12% turns and 

approximately 19% unordered or random coiled structures (Fig.13B & 22G). Moreover, 

the basic structural components such as cysteine-rich regions (CRRs), the furin-like 

proprotein convertase recognition site (FC recognition site), coiled-coil domains, position 

of α-helices and β-sheets are all located at approximately the same site. However, the 

glycosylation varies in the case of mouse sCLU with only two glycosylation sites on the 

α-chain and four on the β-chain (humans display three glycosylation sites on both chains). 
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Intriguingly, in human sCLU one glycosylation site is located upstream of CRR1, this 

glycosylation site does not occur in mouse. Nonetheless, it remains to be figured out 

whether this glycosylation is involved in the slightly improved chaperone activity of human 

sCLU. Taken together, it was shown for the very first time that sCLU except of human 

origin is a conserved extracellular chaperone.  

 

6.1.2 CLU, a conserved extracellular chaperone among vertebrates?  
 

Encouraged of the above findings, it was of interest how conserved the CLU protein is. 

Indeed, the clu gene is not existent in Invertebrata (no hit in the data base). Interestingly, 

it is assumed that CLU has evolved as result of a gene duplication of a common ancestor 

gene leading to the clu and the clul1 gene [226, 227]. Furthermore, using the genome 

browser (https://genome-euro.ucsc.edu/) the clu and the clul1 gene was neither found in 

Ciona intestinalis (Urochordata) and Branchiostoma lanceolatum (Cephalochordata) nor 

in Petromyzon marinus (Cyclostomata). Therefore, CLU and its family member the 

Clusterin-like protein 1 (CLUL1) are not older than about 450 million years and solely 

present in Gnathostomata [214, 218]. In contrast to the almost ubiquitous expressed CLU 

[19, 35, 228], CLUL1 (Clusterin-like protein 1) for its part is nowadays primarily expressed 

in the retina [226, 229]. Initial studies of CLUL1 in dogs [230] have revealed that CLUL1 

bears the putative SSCR, CRRs and N-glycosylation sites, also renders CLUL1 as a 

secretory glycoprotein (App.3-5). Nonetheless, it has never been addressed whether 

CLUL1 acts as a secreted molecular chaperone as in the case of sCLU. Intriguingly, by 

analyzing features within the CLUL1 protein (10 birds, 23 mammalians, 13 fishes and 3 

reptiles) further similarities to CLU have been found (App.3-5). CLUL1 also bears regions 

of low conservation (RLCs) at approximately the same positions as CLU (App.4&5, 

Fig.14&15). The RLC-I in CLUL1 is an extended area in the center of the aa sequence 

(approximately between 175 and 275 aa) and it has an extended high disordered 

tendency (App.4&5). CLU in comparison displays a higher order within the RLC-I (Fig.15). 

Intriguingly, after predicting putative FC recognition sites within CLUL1 only six species 

show a conserved FC recognition site in the RLC-I and four more species show a FC 

recognition site downstream and upstream of the RLC-I, respectively (App.3). The most 

important finding however is, that except of Crotalus adamanteus (snake) only fishes 

show a putative FC recognition site in the RLC-I of CLUL1 (App.3). In contrast, in the 

case of 108 CLU-expressing species tested, only three species show no indication for a 

FC recognition site (all fishes, see Fig.17C & App.1). These data suggest that either the 

putative FC recognition site was not present in the ancestor gene of clu and clul1 or has 

been secondarily regressed. However, the strong presence of the FC recognition site in 

CLU coupled with its far expression pattern (ubiquitous!) makes it more likely that the FC 

recognition site is beneficial for the functioning of the protein. It is therefore unlikely that 

this feature has been regressed during evolution. It is more likely that both proteins were 

https://genome-euro.ucsc.edu/
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in an “evolutionary competition”, whereas CLU has triumphed because of particularities, 

such as the FC recognition site. Intriguingly, the RLC-II displays in both (CLU and CLUL1) 

a high disorder tendency and a noticeable stretch of β-sheets (Fig.15, App.4). Moreover, 

CLU and CLUL1 also show an extended α-helical stretch at the N-terminus and coiled-

coil domains (Fig.15 & App.4). Indeed, the C-terminus of CLUL1 also shows an area with 

extended α-helices, but these α-helices are not necessarily tending to form coiled-coil 

domains (App.4). In the case of CLU however, only two-thirds of CLU-expressing species 

tested show a coiled-coil structure at the C-terminus (App.1). It must be emphasized, that 

no correlation concerning the absence of the coiled-coil domains at the C-terminus and 

the animal class was observable in the case of CLU (App.1).  

Another predictable component of the CLU protein are the N-glycosylation sites. As 

shown in Fig.18 ranging from fishes to mammals, the amount of glycosylation sites 

increases (4.0 in the case of fish to 6.6 in mammals). A comparable observation was 

made in the case of CLUL1 ranging from 3.5 (fish) over 3.7 (reptiles) and 3.3 (birds) to 

finally 4.7 in the case of mammals (App.3). It is important to note that both proteins (CLU 

and CLUL1) have a comparable length of their aa chain (452 vs. 465 aa) but 

exempli gratia mammalian sCLU has a 1.4 higher glycosylation rate than mammalian 

CLUL1 (App.1&3).  

Concerning the predictable protein structures of the CLU protein it can therefore be 

summarized, that the α-helices at the N- and the C-terminus, the β-sheets at the 

C-terminus and the coiled-coil domains (primarily!) at the N-terminus are potentially 

crucial prerequisites for the function of sCLU. Moreover, the conservation of 

N-glycosylation sites and its higher abundance in mammals indicates that the 

N-glycosylation is a fundamental feature of sCLU and therefore for sCLU function.  

 

6.1.3 Conserved elements in the CLU structure are important for chaperone 
activity 

 

To further asses the role of structural components discussed above, the role of 

N-glycosylation and the putative FC recognition site in the case of human sCLU was 

tested. By generating uncleaved sCLU (RIVRRIVQ), subsequent chaperone activity 

assays and CD spectra analyses it was found that the proteolytic cleavage is neither a 

prerequisite for the expression and secretion of sCLU nor for the chaperone activity or 

the secondary structure composition (Fig.20B&D, 21C, 22F&G). Furthermore, it was 

shown that the removal of terminal glycosylation has also no significant influence on 

chaperone activity and on secondary structures in both cleaved and uncleaved sCLU 

(Fig.21C, 22F1&G). Finally, the removal of core-carbohydrates using PNGase F was 

successful to impair sCLU chaperone activity by about 50% (Fig.22D&E) and to alter the 

secondary structure composition in both cases (approximately 61% to 40% α-helices, 8% 

to 15% β-sheets, 12% to 16% turns, 18% to 29% unordered, for exact percentages please 
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see Fig.22G). This finding was of interest, because of two reasons: 1) Stewart et al. 2007 

[31] concluded that sCLU is still active as chaperone after PNGase F digestion with 

concentrations far lower than used in this thesis (0.1 U/µL vs. 2.25 to 6.25 U/µL) and 2) 

despite of high PNGase F concentrations and 12 hours of digestion sCLU still shows 

remaining glycosylation (Fig22B&C). Intriguingly, the residual glycosylation was solely 

present on the β-chain (Fig.23A). For complete deglycosylation, DTT was utilized to 

reduce the disulfide bonds thus making the N-glycosylation sites potentially more 

accessible for PNGase F-treatment (Fig.23A). Surprisingly, after 12 hours of co-

incubation with DTT the remaining glycosylation was removed from the β-chain but now 

a residual glycosylation was present on the α-chain. Indeed, which N-glycosylation site 

remains cannot be explained by the present data. However, it can be taken into 

consideration that glycosylation sites which are buried further into the protein, e.g. the site 

downstream of CCR1 or within CCR2 are not accessible (Fig.14&15). Nonetheless, after 

gradual reduction (6 hours without and 6 hours with DTT), full deglycosylation was 

successful (Fig.23A&B) displaying heavily impaired chaperone activity in both cases 

(cleaved and uncleaved sCLU, see Fig.23C-F). Moreover, the tremendous sensitivity of 

uncleaved sCLU towards reduction became apparent (Fig.23C, E-F). This finding was 

probably one of the most remarkable observations since it was expected that reduction 

primarily influences cleaved sCLU. A further approach to figure out whether uncleaved 

sCLU is more denatured or exposes more hydrophobic aa proved to be incorrect 

(Fig.24B). In both cases (cleaved and uncleaved sCLU), an elevation in ANS 

fluorescence was detectable arguing that reduction alters the folding in a comparable 

manner (Fig.24B). Nevertheless, at least a slight increase was detectable in the case of 

uncleaved sCLU incubated with DTT. To assess this phenomenon, it is important to 

illustrate the overall hydrophobicity and secondary structures of all animals tested to find 

a conclusive explanation (Fig.38).  

 

Basic structural features were already discussed therefore, only additional notable 

particularities, conspicuous in Fig.38 should be addressed. Basically, the hydrophobicity 

and secondary structures are extensively conserved among 105 various species 

(similarity 52%). Intriguingly, within RLC-I an α-helix is conserved which shows a slight 

increase in hydrophobicity (blue curly bracket). The fact that cleaved sCLU still shows 

sufficient chaperone activity after reduction implies that the stabilization of the molecule 

is mediated by other/additional structural elements. Uncleaved sCLU in contrast, loses its 

chaperone activity after reduction which would indicate that the stabilizing feature (which 

still stabilizes cleaved sCLU after reduction) does not participate in the stabilization of 

uncleaved sCLU. Furthermore, the fact that the FC recognition site is extensively 

conserved but no adverse effect upon chaperone activity was detectable (except under 

reducing conditions) suggests that the proteolytic cleavage is necessary to allow both 

chains to establish further intramolecular interactions between areas of the protein which 
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are conserved in a similar fashion as the FC recognition site, and are located in close 

proximity. The only features which are in line with the requirements are AH2 and AH3.  

Fig.38 Alignment of the 105 species and calculation/prediction of (B) conservation, (C) residue type, (D) hydrophobicity 

and (E) secondary structures using PRALINE (see section 4.4). (A) Depiction of full-length CLU with notable features. 

AH amphipathic α-helix; SSCR signal sequence-coding region; CCR cysteine-rich region; RLC region of low 

conservation; RxxR FC recognition site. The blue curly bracket indicates the area within AH3 displaying elevated 

hydrophobicity.  
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A possible explanation for the observed effect is illustrated in Fig.39 according to Rohne 

et al. 2016 [19].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.39 Schematic depiction of sCLU chaperone activity and hypothetical influence of structural elements. 

 

As argued above additional structural elements are involved in sCLU chaperone activity 

which are no prerequisite under non-reducing conditions but crucial once the disulfide 

bonds are reduced. The assessment of the complete CLU protein sequence finally 

revealed that the amphipathic domains or other neighboring regions may be responsible 

for sCLU protein stabilization (Fig.39A), but will not be established if the proteolytic 

cleavage is abolished (Fig.39B). The slight increase in fluorescence as measured in 

Fig.24B. is probably the result of ANS binding to AH3.  

 

6.1.4 sCLU is an evolutionary conserved extracellular chaperone 
 

As shown via bioinformatic and biochemical approaches, sCLU is evolutionary conserved 

and acts as a molecular chaperone, potentially among all craniate classes. The most 

crucial elements for sCLU chaperone activity probably are: 1) N-terminal coiled-coil 

α-helices, C-terminal stretches of 2) α-helices and 3) β-sheets, as well as 4) 

N-glycosylation. Moreover, under conditions which might reduce the disulfide bonds it 

was observable that additional elements might be of importance for sCLU chaperone 

activity. These elements likely are the amphipathic α-helices 2 and 3 (see Fig.38). 

However, the exact role of these helices has not been figured out experimentally in this 

thesis but was partially addressed in the thesis of Benjamin Renner (in preparation). 
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Moreover, it was shown in an additional bioinformatic approach that the CLU-like protein 

(CLUL1) displays similar structural features as enumerated above (see also App.4&5). 

Nevertheless, the fact that the proteolytic cleavage within CLUL1 was mainly found in 

fishes, raises the assumption that the proteolytic cleavage site within the CLU protein was 

the decisive “structural innovation” which finally led to the ubiquitous expression of the 

CLU protein whereas CLUL1 is solely expressed in the retina nowadays. However, it is 

important to note that CLUL1 is poorly investigated (only 5 publications thus far). A 

biochemical characterization (especially of the chaperone activity) of CLUL1 has not been 

carried out, and was conducted in the case of the sCLU protein solely in humans (and 

presently also in mice as seen above). To verify the assumptions discussed in this thesis, 

it would be of importance to clone, express and purify sCLU of other animals as well as 

CLUL1 and experimentally confirm the alleged chaperone activity. Moreover, the creation 

of truncated human sCLU constructs (for instance at the N- and C-terminus) would be 

proof for the assumed role of the above classified crucial elements. Additionally, it must 

be noted that in some animals tested (Oncorhynchus mykiss, Alligator mississippiensis, 

Loxodonta Africana & Nomascus leucogenys) no SSCR was found. This notion is of 

importance since it would imply that sCLU is not necessary a secretory protein in all 

animals. At least in the case of Loxodonta Africana (African elephant) and Nomascus 

leucogenys (Northern white-cheeked gibbon), it is of interest, because a specialization of 

the CLU protein was implied for mammalians in this thesis (for instance higher 

glycosylation rate). Nonetheless, it remains speculative until it is experimentally verified 

whether these CLU forms can be secreted or not. In the case of Oncorhynchus mykiss 

(Rainbow trout, see [231]), a basic characterization was conducted but it was not carried 

out whether it is secreted from the cell.  

 

6.2 sCLU: A Biomarker of necrotic cell death? 
 

As already described in the Introduction (1.7 & 1.8), CLU (especially sCLU) is an alleged 

key player in the face of tissue damage, inflammation and necrosis. Especially, its role in 

necrosis is of increasing interest due to correlations of sCLU expression/secretion in 

animal models and clinical studies facing “uncontrolled” cell death (see 1.8 and [19, 190]). 

In context with the above (6.1) discussed necessity of the proteolytic cleavage for sCLU 

chaperone activity under reducing conditions (please note that the intracellular 

environment is predominantly reductive [232, 233]), it was further tested how CLU is 

regulated and sCLU is secreted from the cell in the case of necrosis. In addition, potential 

influences of CLU on the faith of the cells were investigated but no decisive effect was 

observable (App.7B-D, data not shown). Nevertheless, a plethora of surprising 

observations were made concerning CLU regulation and beyond. 
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Please note that the following section contains excerpts of the article: Rohne et al. 2017 

“Exposure of Vital Cells to Necrotic Cell Lysates Induces the IRE1α Branch of the 

Unfolded Protein Response and Cell Proliferation”. 

 

6.2.1 CLU is upregulated by JNK signaling upon necrosis even in the presence of 
UPR  

 

For years sitting on the “back shelf” of cell death research, necrotic cell death now 

emerges demonstrating to be a more and more coordinated and sophisticated cell death 

mechanism with a huge potential in biomedical research [112]. Involved in this setting is 

the extracellular chaperone Clusterin (CLU), which is highly correlated with necrosis, 

tissue degeneration and apoptosis [19, 85]. CLU is found to exert a cytoprotective role by 

helping to heal damaged tissue as well as clearing the extracellular space from apoptotic 

cells, protein aggregates, and cellular debris [66, 67, 70, 74, 100, 234]. To find a 

regulatory link between these two research fields, it was of interest to characterize the 

response mechanisms in vital cells to ongoing tissue necrosis. As a model system, 

necrotic cell lysates obtained from freeze/thawed HEK-293 cells were applied to vital 

HEK-293 cells (Fig.25). As observed in vivo, a transcriptional upregulation of CLU has 

been demonstrated in this model (Fig.26E). Furthermore, an activation of the JNK/SAPK 

signaling pathway as well as a heat shock response and evidence for the involvement of 

these pathways in CLU upregulation by using the JNK inhibitor SP600125 was detected 

(Fig.26A-C). An involvement of NF-κB as seen in similar experiments by Zhou et al. 2015 

could not be confirmed (Fig.26E, 26G & 33C). 

Furthermore, it was demonstrated in this thesis that cells stimulated with necrotic cell 

lysates suffer ER stress which results in the specific induction of the IRE1α branch of 

UPR (Fig.27A, B, D&E). Interestingly, it was shown by Alnasser et al. 2016 [168] that CLU 

might be part of this cellular response. On the basis of decreased IRE1α phosphorylation 

in CLU knockout cells under ischemic conditions they proposed that CLU might act as a 

supporting chaperone in the UPR. By using the IRE1α kinase inhibitor Kira6, a decline in 

CLU expression was indeed observable (Fig.27D). More recently, it was suggested that 

severe ER stress induced by Thapsigargin abolishes CLU upregulation and prevents its 

secretion [17, 158], a finding that was also supported in this thesis (Fig. 27A&C). It can 

therefore be argued, that CLU expression and sCLU secretion can only be present or 

promoted under “mildly” ER stress encompassing solely the IRE1α branch, but is inhibited 

by the induction of the PERK branch. Please note that until the findings of Alnasser et al. 

2016 [168] and the data presented in this thesis, it was assumed that sCLU expression 

and secretion will be inhibited in the case of UPR [17, 158]. 

Even though the alleged IRE1α-specific kinase inhibitor Kira6 [140] diminished necrotic 

cell lysate-mediated CLU upregulation, other approaches to prove the IRE1α-CLU axis 
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failed. IRE1α overexpression had no adverse or promoting effect on CLU upregulation 

and sCLU secretion (Fig.28C) which at least confirms the suggestion above that the 

presence of an UPR does not abolish CLU expression. The usage of another IRE1α 

kinase inhibitor (APY29) revealed that this inhibitor indeed acts in an opposite manner by 

enhancing IRE1α and JNK phosphorylation after co-application with necrotic cell lysates 

(Fig.28A). The reason for this phenomenon is most likely that APY29 promotes IRE1α 

oligomerization which is a prerequisite for IRE1α autophosphorylation [128, 141, 219]. As 

in the case of Kira6-specifity, APY29 was (to the knowledge of the author of this thesis) 

never or solely insufficiently tested on eukaryotic cells. As will be discussed below, Kira6 

also inhibits a plethora of other signaling pathways. APY29 for its part, also promotes the 

phosphorylation of other targets as ERK1/2 and S6 (App.7F). Please note, that to the 

knowledge of the author of this thesis it has never been shown that IRE1α activates 

ERK1/2 signaling. Inhibitor-based studies of signal transduction pathways can therefore 

be assumed to be misleading. Nevertheless, APY29 application increases XBP1 splicing, 

IRE1α phosphorylation and (once more) has only little impact on CLU upregulation and 

secretion (declines from a concentration of 1 µM APY29, the ID50 however is 280 nM 

[219], Fig.28A&B). Intriguingly, at the dosage of 1.0 µM APY29, XBP1 was no longer 

detectable via sqRT-PCR (Fig.28B), indicating that it was either no longer expressed or 

degraded. IRE1α is capable for unspecific degradation of RNA to prevent an ongoing 

overload with proteins in the ER upon UPR, a mechanism called RIDD (see 1.9.2). 

Nonetheless, application of necrotic cell lysates prevents the complete absence of XBP1 

but does not keep XBP1 splicing upright (Fig.28B). This finding implies a turning point in 

UPR where presumed pro-survival XBP1 splicing by IRE1α turns into potential pro-death 

JNK phosphorylation and RIDD (Fig.7 and [128, 157]). Not surprisingly, APY29 lowers 

the cell viability in a dose-dependent manner (App.7E). It is important to mention that 

sCLU secretion is presumably in accordance with CLU mRNA translation (Fig.27E, 

impaired sCLU secretion after application of Cycloheximide). This result suggests that 

even under conditions of increasing ER stress CLU is still upregulated, translated and 

secreted proving once more that CLU upregulation/secretion and UPR is no contradiction 

(in this context see also 6.2.3). Further experiments using IRE1α-specific siRNA 

successfully prevents necrotic cell lysate-mediated XBP1 splicing and BiP upregulation 

but leaves CLU upregulation unaltered (Fig.28D&E). Nonetheless, as shown in Western 

blot analyses in Fig.28D, IRE1α phosphorylation was almost unaltered allowing therefore 

no conclusion (please note that a Phospho-IRE1α  JNK mechanisms underlies the 

present experimental approaches).  

Taken together, necrotic cell lysates induce the JNK signaling pathway and the IRE1α 

branch of UPR, a final confirmation for an UPR-CLU axis is still missing but various 

approaches prove that CLU upregulation and sCLU secretion can still occur upon UPR 

which was at least barely confirmed thus far. 
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6.2.2 Necrosis-induced Proliferation (NiP): A novel mechanism? 
 

The observed induction of stress pathways as described above raises the question 

whether vital cells exposed to necrotic cell lysates display an elevated level of cell death 

or apoptosis. Testing whether the necrotic stress causes increased apoptosis, revealed 

that the cell number and viability was enhanced (Fig.29B, C&D, Fig.31D&E). No 

significant apoptosis was detectable (Fig.29A&B). In contrast, it was measured that the 

cells indeed start to proliferate (Fig.29E). Important pathways stimulating cell proliferation 

are the ERK1/2 and the mTOR signaling pathway [222]. Not surprisingly, it was observed 

that necrotic cell lysates indeed induce the ERK1/2 and the mTOR signaling pathway, 

whereas the FBS control solely induces the mTOR signaling pathway (Fig.31A). 

Moreover, concurrent with mTOR phosphorylation, the phosphorylation of p70/p85S6K 

and S6 is enhanced (Fig.31A). In this context, it should be mentioned that the ERK1/2 

and the mTOR signaling pathway are working together to eventually phosphorylate S6 

(see also Fig.40). ERK1/2 phosphorylates the residues Thr421/Ser424 at the 

autoinhibitory domain of the p70S6 kinase to render the kinase accessible for 

mTOR-mediated phosphorylation at Thr389 which serves as a platform for PDK1 for full 

activation of the p70S6 kinase and subsequent S6 phosphorylation (Fig.31A) [235, 236]. 

The phosphorylation of ERK1/2 however, occurs already at low concentrations of necrotic 

cell lysates and is accompanied by Thr421/Ser424 phosphorylation of the p70S6 kinase 

(Fig.31A). This confirms a decisive role of ERK1/2 in the mTOR/p70S6 kinase/S6 

signaling pathway (Fig.31A). It is important to note that a decrease in ERK1/2-, 

p70/p85S6K, and S6 phosphorylation after using the IRE1α kinase inhibitor Kira6 was 

observable (Fig.31B). Importantly, the use of the mTOR inhibitor Rapamycin indeed 

prevents p70/p85S6K and S6 phosphorylation, but in contrast to Kira6 (Fig.31D), does 

not abrogate the entire increase in cell viability (Fig.31E). The viability of cells, therefore, 

probably relies on ERK1/2 activity. In contrast, no benefit of CLU or IRE1α upon cell 

viability was observable (Fig.30A-C). These findings are in accordance with previous 

observations of our group that CLU has no influence on BAX-mediated apoptosis [11]. 

This notion was supported after observing that CLU, independent of its subcellular 

location, is not capable to alter cell viability (App.7A-D). Nonetheless, in cell aggregation 

experiments (Fig.30E) it was reproduced that CLU actually promotes cell aggregation [2].  

These data, taken together, imply that the cell viability/cell proliferation-enhancing key 

pathways are most likely the ERK1/2 and the mTOR signaling pathway. 

Intriguingly, it was recently shown in drosophila and in human cancer cells that apoptotic 

cells release growth stimulating signals into the extracellular fluid resulting in 

repopulation, a process that might be crucial to tissue reconstruction and remodeling, but 

is harmful when occurring during tumor therapy [220, 221]. To the knowledge of the 

author, it has up to now never been considered whether cells undergoing necrotic cell 

death can likewise directly promote proliferation of surrounding cells. The fact that the 
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ERK1/2 and the mTOR signal transduction pathway are activated immediately after 

application of necrotic cell lysates implies that necrotic cells release mitogenic signaling 

molecules directly into the extracellular space that exert the proliferative effect. 

Furthermore, inhibiting apoptosis with the pan caspase inhibitor Q-VD-OPh did not 

suppress the induction of cell proliferation (Fig.30D) demonstrating that it is mediated by 

components of the necrotic cell lysate rather than being a secondary effect initiated by 

apoptotic cells. To describe this process, the following term was proposed: 

Necrosis-induced Proliferation (NiP). For the first time, it was therefore shown that the 

induction of proliferation of vital surrounding cells initiated by dying neighboring cells is 

not restricted to caspase 3-dependent apoptosis as a primary stimulus (Fig.30D). 

In summary, these results broaden the knowledge on compensatory proliferation induced 

by apoptotic cells to cells undergoing accidental cell death and therefore have the same 

profound implications on the therapy of tumors. Along these lines, the most intriguing 

aspect of these findings are that they suggest promising novel approaches for diagnosis 

and therapy of unwanted compensatory proliferation by using sCLU as a biomarker in 

diagnosis and Kira6 resp. derivatives to counteract detrimental compensatory 

proliferative pathways. 

 

6.2.3 The routes of NiP 
 

After characterizing pathways and targets involved in the mechanisms of the so-called 

NiP, it was of interest which factors and receptors are involved or more precisely which 

routes are tracked. In this context, it was at first of interest what kind of substance is 

responsible for NiP. As depicted in Fig.32 it was found that a protein (necrotic cell lysates 

digested with Chymotrypsin) is responsible for ERK1/2, p70/p85S6K, S6 and JNK 

phosphorylation but not for the phosphorylation of mTOR. Moreover, it was shown that 

after Chymotrypsin digestion, CLU transcriptional upregulation and XBP1 splicing but not 

sCLU secretion was impaired. These findings imply that at least one route for 

phosphorylation of EKR1/2 (and others), sCLU upregulation and the IRE1α branch and 

another route for mTOR phosphorylation and sCLU secretion is induced. The latter case 

comprises most likely two routes because inhibition of mTOR by Rapamycin does not 

abrogate sCLU secretion (App.7H). Comparable effects were obtained in SK-N-MC cells 

(App.6J), indicating that the effects presumably can be expected in other cell lines. 

Indeed, this was the case. ERK1/2, p70/p85S6K and S6 phosphorylation occurs in 

SK-N-MC, HeLa, MCF-7 and HEK-293 cells, but not in HepG2 and PC-3 cells (App.7G). 

A sole macroscopic assessment of the cell culture medium of SK-N-MC cells revealed 

that after 12 hours of exposure to necrotic cell lysates (obtained from HEK-293 cells) the 

color of the medium turns yellow (indicates increased accumulation of acid) which was 

not the case in BSA or FBS controls (App.6I). Nevertheless, it must be mentioned that 

the factor which induces NiP is not ubiquitous expressed. Nevertheless, the wanted factor 
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is expressed in HEK-293, HeLa and PC-3 cells, but not in SK-N-MC, MCF-7 or HepG2 

cells (Fig.33A&B). However, after testing the respective cell lysates on HEK-293 cells the 

described NiP effect, CLU transcriptional upregulation and XBP1 splicing was observable 

(Fig.33A&B). Surprisingly, even in the supernatants of HEK-293 cells stimulated with cell 

lysates which are not suitable to elevate CLU expression or induce NiP, an increased 

sCLU secretion was detectable (Fig.33A). The same phenomenon was observable after 

using CLU reporter constructs (Fig.33C), heating of necrotic cell lysates prior to 

application (Fig.33E) and in cell lines lacking CLU transcriptional upregulation after 

stimulation with necrotic cell lysates (Fig.33F&G).  

Taken together, these findings imply that the transcriptional upregulation is distinct from 

sCLU secretion.  

The search for the wanted factor was however, not of success. By combining the test of 

established DAMPs (App.6C-G), size exclusion chromatography (Fig.35), cell dying 

assays (Fig.36) and transcriptome analytics (Fig.37) the following proposal can be made. 

The wanted factor is a protein in the size of 20 kDa to 50 kDa, its cellular location is 

probably close to the cell surface or the factor is secreted. Furthermore, the wanted factor 

is no DAMP as HSP72, S100A8/S100A9, HMGB1 or Calreticulin [237]. 

Transcriptome-based analyses further provide one very promising candidate protein, 

namely the membrane-bound regulatory protein FXYD5 (also known as Dysadherin) 

which was found to be involved in cancer progression [238]. Interestingly, the sqRT-PCR 

revealed that FXYD5 is indeed only transcribed in NiP-inducing necrotic cell lysates. After 

cloning however, our working group has been closed which prevented the further testing 

and reproduction in cell culture. Nonetheless, the cloned FXYD5 construct and additional 

information can be obtained upon request. The potential NiP effect and beyond pathways 

are illustrated in Fig.40. 

 

6.2.4 Is NiP the underlying mechanism of the “oncogene CLU delusion”? 
 

Over time, CLU was considered as a key player in tumorigenesis and chemoresistance 

[239]. The arguments pointing to oncogene-like actions of the CLU protein were 

predominately based on findings of elevated CLU expression in tumors [86, 87, 90-93], 

suggested participation of CLU in apoptosis inhibition [126] and an alleged role as a signal 

transducer which correlates to multiple signal transduction pathways, e.g. induction of the 

PI3K/AKT [72, 95, 96, 240, 241] and the ERK1/2 [71, 94, 96] signaling pathway, 

modulation of the NF-κB signaling pathway [242-244], as well as elevated MMP-9 [96, 

245] and VEGF [246] expression. Nevertheless, there were also studies published which 

show no correlation to cancer or cancer-related pathways, and even contradictory results 

[11, 247, 248]. Intriguingly, phase III clinical studies targeting CLU in various cancers, 

failed [100]. Moreover, in our group we have found no indication for the promotion of cell 

survival or increased proliferation in accordance to CLU overexpression or application of 
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purified sCLU (unpublished data, Fig.30A&B, App.7B-D, [11, 174, 176, 186]). Solely 

minor modulations of S6 phosphorylation were observed ([176, 249], App.7D). 

Nonetheless, as already mentioned above, in clinical studies CLU targeting shows no 

benefit for cancer treatment [100, 250]. These findings imply that CLU is probably no 

oncogene, a notion which was supported just recently [100]. Moreover, it must be 

assumed that a mass spectroscopic analyses of sCLU preparations from our lab at the 

Max Planck Institute for Biophysics in Frankfurt (Main) revealed multiple protein impurities 

(App.8). Among them are most abundantly histones, Fatty synthase, Tenascin-C and 

Filamin-A but also heat shock proteins, growth factors as well as DAMPs (such as HSP72, 

HMGB1 or Calreticulin) were found. Please note, that blank purification never provided 

sufficient protein yield (5.1.1.2). The indicated proteins are therefore potential sCLU client 

proteins. Especially, in the case of histones it was recently confirmed that sCLU binds to 

histone proteins presented on apoptotic cells to mediate their removal [70]. It must be 

emphasized that none of the publications above ever conducted comparable analyses of 

their purified sCLU samples and only occasionally conducted control experiments such 

as sCLU deglycosylation. The possibility of potential side effects has therefore never been 

excluded.  

The most important question therefore is: Why is CLU expression often correlated to 

cancer? With an in vitro necrosis cell death assay it was shown that at least HEK-293 and 

SK-N-MC cells undergo a novel compensatory mechanism called NiP (Necrosis-induced 

Proliferation). In accordance with the occurrence of NiP, the cells display increased CLU 

transcriptional upregulation (HEK-293) and spontaneous sCLU secretion (HEK-293, 

SK-N-MC & EA.hy926). In the past, it was indeed suggested that necrotic cell death might 

contribute to tumorigenesis and metastasis [114, 251-253]. Nevertheless, the promotion 

of necrotic cell death is currently considered as a contributive mode of action for targeting 

tumors by triggering an immune response [237, 254]. However, it must be taken into 

consideration that increased necrosis in tumors might induce NiP. NiP in turn, could 

display CLU transcriptional upregulation and sCLU secretion. The notion that necrotic cell 

lysates contribute to cell viability has actually already been made in the past [190]. 

However, this thesis is the first which describe potential contributive signal transduction 

pathways, such as the ERK1/2 and the mTOR signaling pathway. A schematic depiction 

of these findings is illustrated in Fig.40. 
 

Nonetheless, challenging questions remain: Which are the underlying receptors involved 

in the mechanisms as described above? Please note, that TLR4 can be excluded, as 

shown in App.6C&D. A receptor search using the available transcriptome datasets proved 

to be difficult. Other questions are: Which further events are responsible for sCLU 

secretion? As demonstrated in the case of neurons [255], elevated calcium 

concentrations promote transmitter release. This finding however, was not the case for 

sCLU secretion (Fig.33G, data not shown). Moreover, it is challenging whether a link of 
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IRE1α to CLU expression really exists? Furthermore, it is of interest which other cellular 

programs/mechanisms are affected? Beside the signal transduction pathways described 

above an inhibition of autophagy caused by necrotic cell lysates was observed by 

decreased LC3 lipidation (App.6H). One of the most important questions however is, 

whether this model is applicable to other cell lines and even to the clinic? And most 

strikingly, is the question concerning which factor(s) facilitates these effects? Especially, 

the first and the last question are presumably of great importance. As suggested above 

(5.2.10), FXYD5 could be a promising candidate for NiP and perhaps for the other effects 

as well. It is fundamental to address this issue to prove whether NiP is indeed adverse in 

cancer therapy. A determination of NiP-associated molecules in samples of tumor 

patients would allow to choose therapeutic options which avoid the occurrence of NiP and 

can therefore improve tumor therapy. 

 

 
              Fig.40 Potential mechanism of NiP and further responses of cells stimulated with necrotic cell lysates. 
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7 Summary 
 

In this thesis two main issues in CLU biology were addressed: 1st The evolution, structure 

and chaperone activity of secretory CLU (sCLU) and consequently 2nd the potential role 

of CLU in molecular cell biology. Concerning the 1st issue it was shown that sCLU is a 

highly conserved extracellular chaperone whose evolution started more than 425 million 

years ago. Key components in the CLU protein were elucidated to be crucial for sCLU 

chaperone activity, namely the proteolytic cleavage and the N-glycosylation. Both 

features, among additional features, such as N-and C-terminal α-helices, N-terminal 

coiled-coil domains, C-terminal β-sheets, cysteine-rich regions and areas of high intrinsic 

disorder, are highly conserved from fishes to humans. The surprising finding that the 

inhibition of the proteolytic cleavage of sCLU reveals a high sensitivity towards reducing 

conditions, eventually led to the 2nd issue, namely the assessment of sCLU’s role in 

necrosis (a condition with presumably turns the extracellular space in a more reducing 

environment). By stimulating vital HEK-293 cells with cell lysates obtained from necrotic 

cells, increased CLU transcriptional upregulation and secretion was found. Further, it was 

shown that the upregulation of CLU is in line with the induction of the JNK signaling 

pathway and the heat shock response. Moreover, the induction of the IRE1α branch of 

the unfolded protein response (UPR) was shown. Nevertheless, the most intriguing 

finding was a proliferatory response of the cells towards necrotic cell lysates and 

concomitant activation of the ERK1/2 and the mTOR signaling pathway, a mechanism 

now termed Necrosis-induced Proliferation (NiP). However, no influence of CLU on the 

cellular response was observable. Nonetheless, it was demonstrated that sCLU binds a 

plethora of the proteins within necrotic cell lysates and displays a cell aggregating function 

as described in the very beginning of CLU research (1983) leading to its name. 

Eventually, it can be concluded that sCLU is a conserved extracellular chaperone, which 

is secreted from the cell upon cell damage (necrosis) even in the presence of UPR. 

Additionally, necrotic conditions are capable of enhancing cell proliferation. Secretory 

CLU for its part presumably plays an important role in removing cellular debris and in 

promoting wound healing, for instance by mediating cell aggregation.  
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9 Appendix 
 
App.1a Species used for analyses of identity/conservation, N-glycosylation, FC recognition sites, secondary 
structures, hydrophobicity and disorder tendency of CLU as well as creation of phylogenetic trees. 
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App.1b Species used for analyses of identity/conservation, N-glycosylation, FC recognition sites, secondary 
structures, hydrophobicity and disorder tendency of CLU as well as creation of phylogenetic trees. 
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App.2 Phylogenetic trees created after CLU full-length protein truncation  
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App.3 Species used for analyses of identity/conservation, N-glycosylation, FC recognition sites, secondary 
structures, hydrophobicity and disorder tendency of CLUL1. 
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App.4 Identity, disorder tendency and secondary structures of CLUL1. (A) Calculated Conservation Index 
with 49 species (listed in App.3) according the Method Section (4.4). (B) Disorder tendency and secondary 
structures predicted from 42 species (455 aa, partially truncated at the N-terminus, all species with a length 
˃470 aa were excluded) according the procedure in 4.4.  
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App.5 Conservation, residue type, hydrophobicity and secondary structures of CLUL1 aligned, calculated 
and predicted using PRALINE (see Methods Section 4.4) based on the full-length sequence obtained from 
49 various species (see App.3). 
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App.6 Supporting experimental files 1. All experiments were conducted according to the standard procedures of 
comparable experiments shown in the Method and Result Section. (A) HEK-293 were treated with necrotic cell lysates 
(1 mg/mL) and Src phosphorylation was analyzed by Western blotting (n=3). (B) HEK-293 cells were incubated in 
presence of Actinomycin D (2 µg/mL) for 6 hours and Western blot analyses and sqRT-PCRs were conducted (n=3). 
(C-E) HEK-293 were preincubated with 2.5 µg/mL anti-TLR4 blocking antibody (TLR4) or anti-goat isotype control (Iso) 
and stimulated with 1 mg/mL necrotic cell lysates with subsequent Western blotting and sqRT-PCR (n=3). (F) HEK-293 
cells wer stimulated with 5 µg/mL S100A8/S100A9 proteins and respective necrotic cell lysate controls (1mg/mL) with 
subsequent Western blotting and sqRT-PCR (n=2-3). (G) HSP72 in pcDNA6 (HSP72) and pcDNA6 were transfected 
into HEK-293 cells for 6 hours, were transferred into fresh 6-well plates, grown for additional 36 hours and cell culture 
lysates were obtained with standard protocol for generation of necrotic cell lysates. Afterwards, the necrotic cell lysates 
were applied to vital HEK-293 cells and Western blot analyses were carried out (n=3). (H) Western blot analyses for 
LC3 lipidation as described in Fig.32A (n=3). (I) Photography of the cell culture supernatants obtained as described in 
Fig.33G. (J) Experiment with fully confluent SN-N-MC cells according to Fig.32A (n=3).  

 

Next page: 

App.7 Supporting experimental files 2. All experiments were conducted according to the standard procedures of 

comparable experiments shown in the Method and Result Section. (A,B) HEK-293 cells were transfected with the 

indicated constructs cloned in pcDNA6 an 10,000 cells were seeded into 96-well plates (B) and the remaining cells in 

6-well plates (A). (A) the cells were set serum-free and Western blot analyses were carried out after 10 hours (n=3). 

(B) After growing phase the cells were preincubated with 10 µM SP600125 or DMSO for 4 hours and stimulated for 

12 hours. Values shown are the mean±standard errors of three independent experiments. Data were analyzed by using 

one way ANOVA, followed by Tukey’s multiple comparison test. (C) Analogue to Fig.31D but with additional stimulation 

with sCLU or endotoxin-free sterile BSA (n=3). (D) HEK-293 cells were stimulated for 2 hours with 250 µg/mL necrotic 

cell lysates, in absence (1) or presence of 10 µg/mL of fresh sCLU (2) or sCLU incubated at 37°C without (3) or with 

6.25 U/mL PNGaseF for 12 hours (4). Subsequent Western blotting and densitometric analyses using ImageJ were 

conducted. Values shown are the mean±standard errors of three independent experiments. Data were analyzed by 

using one way ANOVA, followed by Tukey’s multiple comparison test. (E) Experiment analogue to Fig.31D but with 

various concentrations of APY29 instead of Kira6. Values shown are the mean±standard errors of three independent 

experiments. (F) HEK-293 were preincubated with 10 µM Kira6 for 4 hours and subsequently stimulated with necrotic 

cell lysates (1 mg/mL) in presence of absence of 10 µM Kira6 or 3 µM APY29 or both for 2 hours with subsequent 

Western blotting (n=3). (G) Cell lines as indicated were grown to full confluency and were stimulated after 4 hours on 

serum-free with 500 µg/mL necrotic cell lysates (nec) obtained from HeLa cells for 2 hours with subsequent Western 

blotting (n=2-3). (H) Experiment analogue to Fig.31C using supernatants with 6 hours of stimulation and additional 

sqRT-PCR analyses (n=3).  
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App.8 Result of two mass spectroscopic analyses (mean±standard error) of human sCLU preparations 
carried out by Dr. Julian Langer at Max Planck Institute for Biophysics in Frankfurt (Main). 
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10 Abbreviations 
This section contains the most often used abbreviations of this thesis. Additional abbreviations can either 
found in the respective sections or in associated references. 
 
aa  amino acid 
AiP  apotosis-induced Proliferation 
AKT  AKT8 virus oncogene cellular homolog 
ANOVA  analysis of variance 
AP-1  activator protein 1 
apoJ  apolipoprotein J 
AU  arbitrary unit 
Aβ  amyloid beta 
BAX  BCL2-Associated X Protein 
BiP  binding immunoglobulin protein 
bp  base pair 
BSA  bovine serum albumin 
CD  circular dichroism 
CHOP  CCAAT/-enhancer-binding protein homologous protein 
CLU  clusterin 
CRR  cystein-rich region 
DAMP  danger associated molecular patterns 
DNA  desoxyribonucleic acid 
DMSO  dimethyl sulfoxide 
dsRNA  double stranded RNA 
eIF2α  eukaryotic Initiation Factor 2 α 
ELISA  enzyme-linked immunosorbent assay 
ER  endoplasmic reticulum 
ERAD  endoplasmic-reticulum-associated protein degradation 
ERdj3  endoplasmic reticulum DNA J domain-containing protein 3 
ERK  extracellular signal–regulated kinase 
FACS  fluorescence-activated cell sorting 
FBS  fetal bovine serum 
FC  furin-like proprotein cleavage  
FPLC  fast protein liquid chromatography 
GADD34 growth arrest and DNA damage-inducible protein 
Golgi  Golgi apparatus 
HDL  high density lipoprotein 
HEK-293 human embryonic kidney cells 293 
HMGB1  high mobility group box 1 
HSF  heat shock factor 
HSP  heat shock protein 
IRE1α  inositol-requiring enzyme 1α 
IRI  ischemia-reperfusion injury 
JNK  c-Jun N-terminal kinases 
kDa  kilo dalton 
LDL   low-density lipoprotein 
LEW  lysis equilibration wash 
LPS  lipopolysaccharide 
LRP  lipoprotein receptor-related protein 
mTOR  mechanistic target of rapamycin 
nec  necrotic cell lysates 
NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells 
NiP  Necrosis-induced Proliferation 
nt  nucleotide 
p70/p85S6K p70- & p85S6 ribosomal kinase 
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PDK1  phosphoinositide-dependent protein kinase 1 
PERK  protein kinase RNA-like endoplasmic reticulum kinase 
PI3K  phosphatidylinositol-4,5-bisphosphate 3-kinase 
PRALINE PRofile ALIgNEment 
psCLU  presecretory Clusterin 
qRT-PCR quantitative Reverse Transcription PCR  
RACE  rapid amplification of cDNA ends 
RIDD  regulated Ire1-dependent decay 
RLC  region of low conservation 
RNA  ribonucleic acid 
RT  Reverse Transcriptase 
sCLU  secretory Clusterin 
Scr  cellular sarcoma 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
si  rmall interfering 
sh  small hairpin 
Scr  scrambled 
sqRT-PCR semiquantitative Reverse Transcriptase PCR 
SSCR  signal sequence-coding region 
Tg  Thapsigargin 
TLR  Toll-like receptor 
TNF  tumor necrosis factor 
TRAF  TNF receptor associated factor 
UPR  unfolded protein response 
VLDLR  very low density lipoprotein receptor 
XBP1  X-box binding protein 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


