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Ágrip 

Arfgeng íslensk heilablæðing er ólæknanlegur ríkjandi erfðasjúkdómur sem leggst m.a. á æðar í 

heilanum og veldur endurteknum heilablæðingum hjá arfberum. Meðal lífslíkur arfbera eru rétt um 30 

ár. Sjúkdómurinn fellur undir svokallaða heilamýlildisæðasjúkdóma sem einkennast af útfellingum af 

prótein mýlildi. Í tilfelli arfgengrar heilablæðingar verður útfelling af cystatin C próteininu, út af 

stökkreytingu L68Q, í æðaveggjum heilans og víðar. Mikilvægt er að finna meðferð til að meðhöndla 

slíka sjúkdóma en tíðni þeirra eykst frá 65 ára aldri, að miklu leyti vegna aukinna tilfella af Alzheimers-

sjúkdómnum. Markmið þessarar rannsóknar var að framleiða mennskt cystatin C prótein af bæði 

villigerð og L68Q stökkbreyttri gerð. Hingað til hafa rannsóknir á stökkbreyttu cystatic C einkum verið 

gerðar á próteini einangruðu úr heilavef sjúklinga post mortem. Bornir voru saman nokkir 

eðliseiginleikar próteinanna sem talið var að gætu hugsanlega haft áhrif á sjúkdómsmyndun, þ.e. 

tilhneiging til kekkjunar og áhrif á sjálfsát. Villigerðin og L68Q stökkbreytta gerðin af cystatin C voru 

framleiddar í HEK293T frumum. Próteinin voru síðan hreinsuð úr æti með síun í gegnum perlulaga 

sellulósa. Rannsóknin leiddi í ljós að stökkbreytta próteinið hefur aukna tilhneigingu til að mynda 

fjölliður auk þess að það er fyrr brotið niður í skilyrtu æti af HEK293T frumum. Þessar niðurstöður eru í 

samræmi við áður birtar niðurstöður. Báðar gerðirnar virtust ýta undir sjálfsát í HEK293T frumunum en 

stökkbreytta gerðin hugsanlega í minni mæli. Draga má þá ályktun út frá þessum niðurstöðum að 

HEK293T frumur henti vel til framleiðslu á seyttum mennskum próteinum fyrir rannsóknir. Jafnframt 

má álykta að sjúkdómsmynd arfgengrar heilablæðingar megi rekja til mismunandi eðilseiginleika á 

annars vegar L68Q cystatin C próteininu sem finnst í sjúklingum með arfgenga heilablæðingu og hins 

vegar venjulegu cystatin C próteini. 
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Abstract 

Hereditary cystatin C amyloid angiopathy (HCCAA) is an incurable dominant hereditary disease 

that affects the arteries of the brain and causes recurrent strokes in carriers. The average lifespan of 

carriers is about 30 years. The disease is classified as one of the cerebral amyloid angiopathies, 

which are characterized by deposition of protein amyloid. In the case of HCCAA there is deposition of 

the cystatin C protein, due to mutation L68Q, in the arterial walls of the brain. Finding a cure for these 

diseases is of importance since their prevalence increases gradually from the age of 65, mostly due to 

Alzheimer’s disease. In this study the aim was to find ways to produce both human wild type and 

L68Q mutant cystatin C. The main source of the latter, especially in the form of amyloid, has been 

post mortem extraction from brain tissue of patients. A comparison was made of several physical 

properties that might play a role in disease pathogenesis, i.e. aggregation tendency and effects on 

autophagy. The wild type and L68Q mutant variant of cystatin C were produced in HEK293T cells. The 

proteins were subsequently isolated from media by filtration through beaded cellulose columns. The 

results show that the mutant variant has an increased tendency to aggregate and is more rapidly 

degraded in conditioned media from HEK293T cells. These results are in compliance with previously 

published results. Both variants seem to induce autophagy in HEK293T cells but the mutant possibly 

to a lesser extent. It can be concluded from these results that HEK293T cells are suitable for the 

production of secreted human proteins for research. Furthermore, it can be concluded that the 

pathology of HCCAA can possibly be linked to different physical properties of L68Q cystatin C found in 

patients with HCCAA and normal cystatin C protein. 
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Þakkir 

Rannsóknin var framkvæmd á Rannsóknarstofu í Taugalíffræði (RTL) í Lífvísindasetri Læknagarðs 

á árunum 2012-2014. Ég vil þakka Pétri Henry Petersen leiðbeinanda mínum fyrir að veita mér 

tækifæri og aðstöðu til að vinna að þessu verkefni, fyrir góðar umræður og hvatningu. Einnig vil ég 

þakka Helgu Margréti Ögmundsdóttur og Margréti Helgu Ögmundsdóttur fyrir að taka að sér að vera í 

meistaranefndinni minni. Þær fá þakkir fyrir stuðning og góðar ábendingar. Stefán Hafsteinsson fær 

þakkir fyrir að aðstoða við verkefnið. Marcus Rappe fær sérstaklega góðar þakkir fyrir aðstoð og 

framkvæmd á RTqPCR tilraunum. Margrét Bessadóttir fær þakkir fyrir aðstoð og aðgengi að úsnín 

sýru. Elizabeth Cook fær góðar þakkir fyrir að framkvæma ELISA mælingar. Einnig vil ég þakka 

fjölskyldu minni fyrir þann stuðning sem hún hefur veitt mér. Mestar þakkir fara þó til Steinunnar 

Guðmundsdóttur, kærustu minnar. 
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Abbreviations 

Ab Antibody 

APP Amyloid precursor protein 
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kDa kilo Dalton 
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MAP4K3 Mitogen activated protein kinase kinase kinase kinase 3 
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mTOR Mammalian target of rapamycin 
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mTORC1 Mammalian target of rapamycin complex 1 
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O/n Over-night 
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PCR Polymerase chain reaction 

Pen/strep Penicillin and streptomycin 

pH potential of hydrogen 

pI Isoelectric point 

PMSF Phenylmethylsulfonylfluoride 

PVDF Polyvinylidene fluoride 

RIPA Radioimmunoprecipitation assay 

ROS Reactive oxygen species 

RT Room temperature 

RTqPCR Real time quantitative PCR 

SDS Sodium dodecyl sulfate 
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SLC1/7A5 Solute linked carrier 1/7 A5 

SMC Smooth muscle cell 

SMP Skimmed milk powder 

SRP Signal recognition particle 

TBS Tris buffered saline 

TBST TBS with Tween-20 

ULK UNC-51 like kinase 

UNC Uncoordinated locomotion 
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1 Introduction 

1.1 Proteins 

Every life form on earth is largely made out of proteins – the end product of gene expression and the 

engines that drive the vast expanse of processes and reactions fundamental for life. Proteins are long 

chain-polymers of amino acids that fold into complex secondary (such as α-helices and β-sheets), 

tertiary (completely folded structure of the entire protein) and quaternary structures (complexes of 

more than one protein) (1).  

Proteins inside of cells are termed intracellular, proteins outside of cells are called extracellular and 

proteins that are in between those two areas, i.e. in the cell membrane, are termed membrane bound. 

Intracellular proteins are produced in the cytosol and usually stay in the cytosol while most 

extracellular and membrane proteins are produced in the endoplasmic reticulum (ER) from which they 

are transported to their functional locality (2). Whether a protein is to be intracellular or 

extracellular/membrane bound is based on a signaling sequence at the beginning of the protein. This 

signal sequence is recognized by the signal recognition particle (SRP) that transports the ribosome-

mRNA complex into the ER via the SRP receptor (3). Hence, the folding of proteins occurs either in 

the cytosol or in the ER. 

During the lifespan of a cell or an organism it is imperative that the plethora of proteins produced 

are folded into their correct and functional structure or else they might not be able to carry out their 

biological function and can even become harmful. Misfolding of proteins leads to disease states, as 

seen in Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and more. When certain 

proteins lose their structural conformity they also tend to become more likely to self-polymerize. Prions 

are an example of the harmful consequences that misfolded self-polymerizing proteins can have. In 

prion disease, such as Creutzfeldt-Jacob’s disease in humans, the theory is that a single misfolded 

protein binds to a correctly folded version of itself, which becomes misfolded and in turn binds another 

and so on. This continuous cascade of protein misfoldings grows exponentially as the protein fibrils 

extend and break and eventually disrupts the homeostasis of the cell or body and causes the disease 

(4). This illustrates not only the importance of correct protein folding but also the importance of 

continuous monitoring and removal of misfolded proteins. Cells have quality control mechanisms, 

including chaperone proteins, which aid in the correct folding of proteins but if a protein is misfolded 

the cell has efficient systems in order to remove it. The main mode of intracellular proteolysis is 

through the action of proteases, protein enzymes that hydrolyze the peptide-bonds that link the amino 

acids of a protein together. 

1.2 Proteolytic systems 

Proteases are categorized based on their catalytic residues into serine- , threonine- , cysteine- , 

aspartate- , glutamic acid-  and metallo-proteases (5). They are also classified by mode of catalysis. 

The aspartic/glutamic acid and metalloproteases cleave the peptide bond by polarizing a water 

molecule that in turn hydrolyzes the bond. Serine-, threonine- and cysteine proteases use the 

nucleophilic residues serine, threonine and cysteine, respectively, to cleave the peptide bond that 
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covalently bonds the enzyme to the carboxylic end of the other segment (6). A water molecule then 

hydrolyzes this bond and the enzyme is released along with the other segment. Not all proteases 

serve simply as protein degradation enzymes, some are involved in signaling, blood clotting, 

complement activation and the digestion of food proteins (7-10). 

Proteases responsible for intracellular proteolysis are mainly found in the proteasome and the 

lysosome, the two constituents responsible for the bulk of cellular protein degradation. The 

proteasome is a large barrel-shaped protein complex that selectively disassembles proteins that have 

been tagged with the small protein ubiquitin (11). The lysosome on the other hand is a membrane 

bound vacuole that maintains an acidic interior (pH ~4.8) via membrane proton pumps and contains 

lysosomal hydrolases, proteases that depend on the acidic interior in order to function (12). While the 

proteasome’s size is a limiting factor the lysosome can tackle larger components, and in conjugation 

with an autophagosome up to whole organelles can be degraded through a mechanism called 

autophagy. 

 

1.3 Autophagy 

Autophagy (latin for “self-eating”) can refer to three distinct means of intracellular waste removal; 

macroautophagy, microautophagy and chaperone mediated autophagy. Macroautophagy, henceforth 

autophagy, is the term given to a process of waste removal that starts with the formation of a double 

membrane (a “phagophore”) that envelopes cytosolic constituents such as proteins, organelles, 

bacteria, viruses and other debris in response to autophagic stimuli and closes to form a vesicle – the 

autophagosome. The autophagosome fuses with a lysosome and the lysosomal hydrolases digest the 

inner autophagosome membrane along with its contents (Figure 1). The resulting units are then 

reusable by the cell (13).  

The main regulator of autophagy is mTORC1 (mammalian target of rapamycin complex 1). The 

kinase of the complex is mTOR, a serine/threonine protein kinase that acts as a nutrient status sensor 

that positively regulates cell proliferation while negatively regulating autophagy. mTORC1 directly 

inhibits autophagy through inhibition of the ULK1/2-Atg13-FIP200 complex, one of the main positive 

regulator groups of autophagy (14). mTORC1 also regulates an autophagy transcriptional response to 

starvation through phosphorylation of the transcription factor TFEB (15). When phosphorylated by 

mTORC1, TFEB resides in the cytoplasm but shuttles to the nucleus when mTORC1 is not active, 

thereby initiating transcription of genes required for the autophagy process. The complex senses low 

nutrient levels via transporters such as SLC1A5 and SLC7A5, via amino acid signaling by Rag 

GTPases and via MAP4K3 kinase activity in response to leucine levels (13). When cells sense stress 

(such as low nutrient levels, an increase in ROS or low amino acid levels) or mTOR is inhibited by 

other means, e.g. via drugs such as the mTOR inhibitor rapamycin, then the inhibition by mTOR is 

lifted and autophagy is upregulated. The finer details of this signaling and its regulation have  not been 

fully elucidated. 

Defects in autophagy have been linked to diseases such as cancer, neurodegenerative diseases, 

cardiovascular diseases and more (16). Of special interest is the role of autophagy in amyloidogenic 
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diseases such as the cerebral amyloid angiopathies including Alzheimer’s disease and hereditary 

cystatin C amyloid angiopathy, the topic of the current project. 

 

Figure 1. Autophagy.  

Autophagy is a multistep process starting with the formation of the phagophore, sequestration of 
cytosolic constituents into the autophagosome, fusion of the autophagosome with a lysosome and 
digestion of autophagic vacuole and contents by lysosomal hydrolases. Image adapted from (17). 

1.4 Cerebral amyloid angiopathies 

Cerebral amyloid angiopathies (CAA) are diseases characterized by protein amyloid deposition in the 

arterial walls of the brain – commonly in small- and medium-sized arteries and arterioles, less 

commonly in capillaries and veins, of the leptomeninges and cortices (18). White matter, basal ganglia 

and the thalamus are usually unaffected. The term amyloid was originally coined because it was 

erroneously thought to be of a starchy (l. amylum) nature (19). Amyloid fibers are homogenous in 

shape, around 9-10µm in width, irrespective of which protein they are made of, and of undetermined 

length. β-strands running perpendicular to the long axis and hydrogen bonds running parallel to the 

long axis form the structural backbone of the β-sheet fibers (20). The deposited protein aggregates 

consist mainly of a single type of protein, which can differ depending on the disease, that primarily 

deposits in the tunica media and adventitia while the tunica intima (endothelium) can remain 

unaffected even at advanced stages of a disease (21). As with all amyloidogenic diseases the exact 

etiology of  CAA is not known, i.e. it is known that the diseases are due to amyloid but it is not known 

how or where the amyloid is originally created. The exact molecular pathways leading to amyloid 

formation are unknown and treatment usually only targets the underlying condition whereas no cure 

exists. 

1.5 Hereditary cystatin C amyloid angiopathy 

Hereditary cystatin C amyloid angiopathy (HCCAA), also known as hereditary cerebral hemorrhage 

with amyloidosis, Icelandic type (HCHWA-I), is a dominant endemic Icelandic disease characterized 

by early onset arterial amyloidosis in the brain. Its origins date back to the 17th century despite being 

first described in 1935 by a country physician who noticed an increased incidence of hemorrhagic 

strokes in young individuals within a certain family and deduced it was due to a hereditary factor (22). 

The reason for the gap between the introduction of the mutation and its initial discovery is likely due to 

a phenotypical shift that occurred in the 19th century. The average lifespan of carriers shortened from 
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around 70 years at the beginning of the 19th century down to roughly 30 years at the beginning of the 

20th century (22). The reason for this drastic reduction is unknown but it has been theorized to be due  

to lifestyle changes, especially changes in diet, during this period (22). It was not until 1983 that the 

deposited amyloid was identified as the extracellular cysteine protease inhibitor cystatin C (then 

termed γ-trace) and subsequently the mutation that causes the disease was discovered five years 

later (23, 24). 

People who have the disease carry one mutated allele of the cst3 gene that codes for cystatin C. 

There is no incidence of both parents carrying the mutation as far as the author knows; ergo there are 

no homozygous individuals in known existence. The mutation, where base 281 changes from thymine 

to adenine, results in an amino acid switch at site 68 where leucine is replaced by glutamine. Leucine 

is hydrophobic at both pH 2 and 7 whereas glutamine is hydrophilic at pH 7 so the site, located in a 

hydrophobic region of the protein, experiences a switch of physical characteristics (25). This 

destabilizes the protein and makes it more prone to form dimers and aggregates (25). Indeed, 

individuals with HCCAA usually develop severe amyloidosis in the cerebral arterial walls along with 

asymptomatic amyloid buildup in peripheral tissues such as skin and lymphoid tissues (25). Post 

mortem examination shows that medium sized arteries and arterioles of the brain have heavy buildup 

of amyloid in the tunica media along with severe loss of smooth muscle cells (SMCs) to the point that 

there are no SMCs left (Figure 2) (26). This weakens the arteries and carriers usually begin to suffer 

from recurrent hemorrhagic strokes in their late 20’s and, as previously stated, the average lifespan is 

around 30 years. Those who survive longer usually go on to develop dementia. Contrary to what the 

cystatin C amyloid buildup might suggest carriers actually have low levels of cystatin C in their 

cerebrospinal fluid (CSF), only a third of what is found in healthy individuals (27). Additionally, there is 

less cystatin C in media from cultured monocytes of carriers compared to healthy individuals (28). 

Where the cystatin C amyloid buildup initiates and why the body is not able to remove it remains 

unknown. 

1.6 Cystatin C 

The cystatin family is divided into three subfamilies; type 1, 2 and 3. Cystatin C belongs to the 

intracellular type 2 subfamily that is characterized by two intramolecular disulphide bridges (29). The 

name was changed into cystatin C when its cysteine protease inhibitory activity was discovered (29). 

The amino acid sequence of cystatin C, giving the first indication of the protein being secreted, was 

discovered in the early 80’s and subsequently the gene that codes for cystatin C, cst3 on chromosome 

20 (20p11.21), was sequenced (30, 31). The functional protein measures 120 amino acids in length, 

or around 13.3kDa, and is found in every mammalian biological fluid with a relatively high 

concentration in the CSF, around 0.5 µM, where it is the primary cysteine protease inhibitor (32, 33). It 

inhibits cysteine proteases such as cathepsin B, H, K, L and S (papain-like, C1 in MEROPS) and 

legumain (C13 in MEROPS) and is itself a proteolytical target of cathepsin D and elastase (5, 34, 35). 

It has been demonstrated that cystatin C dimerizes when exposed to denaturants such as GdnHCl, to 

low pH or to high temperatures (36). Interestingly, cystatin C has also been shown to affect autophagy 

(37). 
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Figure 2. Cerebral arteries of healthy individuals and HCCAA patients. 

Cystatin C and smooth muscle actin staining. Images show sections of brains from HCCAA patients 
(A, C) and healthy individuals (B, D) stained with cystatin C antibody (A, B) and smooth muscle actin 
antibody (C, D). Image from (26). 

1.7 Protein production 

A frequent first step when studying a protein is to produce it, preferably pure. The processes behind 

DNA-to-protein production are several. In a simplified view of this production one needs a DNA 

template, an RNA polymerase, mRNA bases, ribosomes and tRNA with attached amino acids. The 

RNA polymerase makes mRNA from the DNA template and the mRNA bases. The ribosome makes 

protein from the mRNA and the tRNA. These constituents are found inside cells ranging from bacterial 

cells to eukaryotic cells. The bacterial E. coli cells are commonly used to synthesize proteins and are 

recommended as a first step in producing proteins since growth is fast and media is cheap. However, 

bacterial cells have some drawbacks. They might not properly fold the protein if it is not of a 

prokaryotic origin, they lack the ability to post-translationally modify proteins and if the gene contains 

many rare codons then protein production might be low or none at all. The possibility of endotoxin 

contamination is also high. Thus for some proteins it might be safer to switch to another expression 

system. The more related the expression system is to the gene being expressed the more likely it is to 

properly produce the protein. Human embryonic kidney (HEK) cells and Chinese hamster ovary (CHO) 

cells are the most commonly used mammalian derived expression systems. In this project HEK293T 

cells were chosen for protein production. 
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2 Aims 

The goal of this project was to study in cell culture the effect of a mutation (L68Q) in the human 

cystatin C protein, which leads to misfolding and amyloid formation. This mutation leads to the 

development of the neurodegenerative disease HCCAA.  

The main aim of the project was to design a system in HEK293T cells for synthesizing wild 

type and mutant cystatin C proteins and characterize aggregation properties and turnover of both 

proteins. Cystatin C has been linked to autophagy in primary cortical neurons in a murine model, 

therefore it was of interest to see whether we could detect this same induction in HEK293T cells and 

furthermore, whether there is any difference in the effect on autophagy between the two proteins. 

HCCAA is caused by a coding variant in cystatin C and by studying the mutated protein found in 

the disease will hopefully give some insight as to how these diseases can be treated, hindered or 

prevented.  
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3 Materials and methods 

3.1 Mutagenesis 

Forward (F) and reverse (R) primers (Table 1) containing the L68Q mutation were designed. A PCR 

mutagenesis reaction solution was mixed containing F and R primers, 10X Pfu buffer w/ MgSO4 

(Fermentas), QuikSolution (Stratagene), cystatin C plasmid (Thermo), dNTPs and Pfu polymerase 

(Fermentas). The mutagenesis PCR procedure consisted of three steps, i.e. a single 95°C 1 minute 

step, a step consisting of three cycles of 95°C for 1 minute, 50°C for 1 minute and 70°C for 10 minutes 

and finally a third step consisting of fifteen cycles of 95°C for 1 minute, 55°C  for 1 minute and 70°C for 

10 minutes (Table 2).  

Table 1. Cystatin C primers. 

Cystatin C L68Q forward primer Cystatin C L68Q reverse primer 

5´ TGG ACG TGG AGC AGG GCC GAA CCAC 5´ GTG GTT CGG CCC TGC TCC ACG TCC A 

 

Table 2. Mutagenesis PCR cycles. 

Step 1 X1 Step 2 X3 Step 3 X15 (Step 4) 

95°C – 1 minute 95°C – 1 minute 

50°C – 1 minute 

70°C – 10 minutes 

95°C – 1 minute 

55°C – 1 minute 

70°C – 10 minutes 

4°C - ∞ minutes 

3.2 DNA electrophoresis 

Samples were mixed with 6X DNA loading buffer (Thermo). 1% agarose in 1X TE buffer (10mM Tris, 

1mM EDTA) gels with 0.005% EtBr were cast. Samples and DNA marker (Fermentas) were run 

through the gel at a constant force of 90 V in 1X TE buffer. Gels were imaged using a G:BOX 

(Syngene) and the software GeneSnap v7.01 (Synoptics). 

3.3 DNA sequencing 

The wild type and the L68Q mutated version of the cystatin C plasmid were sequenced using a 3130 

Genetic Analyser sequencer (Applied Biosystems). The DNA was fluorescently labeled using Sp6 

primers and the BigDye Terminator v3.1 kit (Life technologies) according to the manufacturer’s 

instructions. The fluorescently labeled DNA was precipitated in buffer containing 7mM EDTA and 70% 

EtOH by centrifugation at 3,000 g, 4°C, for 30 minutes. Supernatant was decanted and the pellet 

precipitated a second time in 70% EtOH by centrifugation at 3,000 g, 4°C, for 15 minutes. The 

resulting DNA was resuspended in 15 µL of ddH2O. Solutions of fluorescently labeled DNA were 

sequenced using the Sequencing Analyses 5.2 program (Applied Biosystems). 



  

20 

3.4 Plasmid production 

3.4.1 Bacterial transformation 

Plasmid DNA was introduced into DH5α E. coli bacteria with the method of heat shocking. Bacteria 

were removed from -80°C and thawed on ice. The bacteria were aliquoted into microcentrifuge vials 

and 1 µL of DNA added. The vials were placed in a 42°C water bath for 45 seconds, placed back on 

ice and LB media added. Vials were then kept at 37°C and 200 rpm rotation for 30 minutes. Bacteria 

were then spread over agar plates containing an appropriate selection antibiotic, in this case 100 

µg/mL of ampicillin (Thermo). The plates were then incubated upside-down at 37°C over night (o/n). A 

single colony was picked the next day and cultured in LB media again containing the appropriate 

selection antibiotic at 37°C and 200 rpm rotation o/n. 

3.4.2 DNA isolation 

Plasmid DNA was extracted and isolated from E. coli cultures using the NucleoBond Xtra Midi kit 

(Macherey-Nagel). Cells were spun down at 2,000 g, 4°C, for 20 minutes. The supernatant was 

poured off and the cells resuspended in resuspension buffer (RES). Lysis buffer and neutralization 

buffer (LYS and NEU, respectively) were then added. The solution was poured onto the columns, 

which had been previously equilibrated in equilibration buffer (EQU), and filtered through by force of 

gravity. Following washing with wash buffer (WASH) and elution with elution buffer (ELU) the DNA 

was precipitated by adding 2 mL of isopropanol to the elute, vortexing for 10 seconds and incubating 

at room temperature (RT) for 2 minutes and centrifuging at 4,500 g, 4°C, for 1 hour. The DNA pellet 

was washed with 70°C EtOH and centrifuged at 4,500 g, RT, for 30 minutes. The EtOH was pipetted 

carefully off and the pellet left to air dry. The pellet was then dissolved in either ddH2O or 1X TE buffer. 

Amount of DNA and purity was evaluated with a NanoDrop 1000 (Thermo). Aliquots were then either 

stored at -20°C or 4°C. 

3.5 Cell culture 

The cell line HEK293T, derived from human embryonic kidney, was used primarily for protein 

production and secondarily as an experimental model for human cells. The cells were cultured in 

DMEM (Gibco), supplemented with FBS (Gibco) to a final concentration of 10% v/v and Pen/Strep 

(Gibco) to a final concentration of 100 U/mL and 100 µg/mL, respectively. Cultures were incubated in 

a regulated atmosphere of steady 37°C, 95% humidity and 5% CO2. Cells were cultured in 25cm2 

culture flasks. Cultures were passaged every 3 – 4 days, depending on cell confluence (percentage of 

culture surface covered). Passaging was done by washing cells briefly with PBS (137 mM NaCl, 2.7 

mM KCl, 2 mM KH2PO4, 10 mM Na2HPO4) then decanting or aspirating the PBS and adding 1 mL of 

trypsin (Gibco) per 25 cm2 of culture surface. The culture was then incubated at 37°C for 5 minutes. 

The dislodged cell suspension was then dissolved in 4 mL of complete culture media. A fraction of this 

solution was then used to seed new cultures, usually in the ratio of 1:10. For experiments cells were 

seeded at a concentration of 2.5 x 105 cells/mL. 
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For the production of frozen stocks cells were dislodged and suspended in freezing media 

consisting of DMEM with 10% v/v FBS and 5% v/v DMSO (Sigma). The vials were subsequently 

frozen in a cotton padded box at -80°C then transferred to liquid nitrogen on the following day. 

When cells were thawed a vial was taken out of liquid nitrogen, the cap slightly loosened to let out 

pressure then tightened again, and thawed quickly in a 37°C water bath until almost completely 

thawed. DMEM culture media warmed to 37°C was then used to thaw the rest of the cell and to rinse 

out remaining cells from the vial. The cells were then centrifuged at 500 g for 3 minutes, the 

supernatant discarded, and the cell pellet resuspended in complete culture media. To reduce the 

possible influence of remaining secreted DMSO the media was changed out for fresh media on the 

following day. 

Cell lysis was performed using RIPA buffer (150 mM NaCl, 1% NP-40, 0.1% SDS, 0,5% sodium 

deoxycholate, 50 mM Tris) with PMSF, NaVO3, NaF and a protease inhibitor cocktail. Cells were 

washed with PBS then lysed. The lysate was sonicated with a Bioruptor (Diagenode) sonicator. The 

lysate was then centrifuged at 12,000 g, 4°C, for 20 minutes. Supernatant was collected and stored at 

-20°C. 

3.6 Transfection 

Transfection was done using several different transfection reagents. The reagents differed in 

composition; TransPass D2 is a non-lipid cationic polymer, FuGene 6 is a nonliposomal formulation 

and ESCORT IV is a blend of a polycationic lipid and a neutral lipid. 

3.6.1 Transpass D2 

TransPass D2 (NEB) transfections were done according to manufacturer’s instruction. Optimal DNA-

to-agent ratio was 1:2.3 – 2.6. 

3.6.2 FuGene 6 

FuGene 6 (Roche) transfections were done according to manufacturer’s instructions. Optimal DNA-to-

agent ratio was 1:3. 

3.6.3 ESCORT IV 

ESCORT IV (Sigma) transfections were done according to manufacturer’s instructions. Optimal DNA-

to-agent ratio was 1:4. 

3.6.4 Lipofectamine LTX 

Lipofectamine LTX (Invitrogen) transfections were done according to manufacturer’s instructions. 

Optimal DNA-to-agent ratio was 1:4. 
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3.7 Microscopy 

An inverted light microscope (Leica) fitted with a camera (Leica DFC310 FX) and an external light 

source (Leica EL6000) was used. Images were acquired using the program Leica Application suite 

v.3.3.1 (Leica Microsystems). 

3.8 Dialysis and protein isolation 

Dialysis was perfomed in SnakeSkin dialysis tubing (Pierce) with a molecular weight cutoff (MWCO) of 

7 kDa. Cystatin C protein was isolated from other proteins in culture media by filtration through the 

beaded cellulose matrix Sephacel™ (GE Healthcare). All steps were carried out at 4°C to minimize 

protein degradation. Cell culture media was first dialysed against dH2O for 24 hours, with at least two 

changes of dH2O. The media was then centrifuged at 4,500 g for 30 minutes and the supernatant 

adjusted to 20 mM ammonium bicarbonate, pH 9.4. The columns were also equilibrated with 20 mM 

ammonium bicarbonate buffer, pH 9.4, prior to filtration. The media was then filtered through the 

columns and the elute collected. Those fractions of elute that contained a significant amount of 

cystatin C, determined by western blot, were pooled. Before samples were ready for experiments they 

were first dialysed against PBS. 

3.9 Western blot 

Samples were mixed in a 1:5 ratio with loading buffer (Table 3) and heated to 95°C for 10 minutes to 

denature the proteins. Samples and protein marker (Fermentas SM0671 / SM1811) were 

electrophoretically run through 12.5% SDS-PAGE gels with a constant voltage of 110 V until 

sufficiently separated. Gels were then placed in transfer buffer (Table 3) for 10 minutes to shrink pore 

size and reduce bleeding. Meanwhile, a membrane (nitrocellulose for all proteins except LC3, PVDF 

for LC3) was cut to the same size as the gel and wetted in transfer buffer (PVDF membranes were 

pre-soaked in MeOH). Proteins were then transferred from gel to membrane with a constant electrical 

current of 400 mA for 60 minutes. To properly stick proteins to the membranes they were left to dry, 

usually o/n, before commencing the next step. 

Blotting was done by wetting the membranes again in TBS (50 mM Tris, 150 mM NaCl) and 

blocking with blocking buffer (Table 3) for 30 minutes to prevent unspecific binding of antibodies. 

Membranes were then incubated in primary antibody solution ( 

 

Table 3) containing primary antibodies against the proteins of interest (1:1000 anti-cystatin C 

(DAKO), 1:1000 anti-LC3A/B (Cell signaling), 1:1000 anti-p62/SQSTM1 (Abcam), 1:10,000 anti-actin 

(Millipore)) for either three hours at RT or at 4°C o/n, whichever was more convenient. Membranes 

were then washed three times for 5 minutes in TBST (Table 3) and subsequently incubated for one 

hour at RT in TBST containing secondary antibodies (1:20,000 goat anti-rabbit and goat anti-mouse 

(Licor)). After secondary incubation membranes were washed three times for 5 minutes in TBST then 

imaged, wet or dry, with an Oddyssey scanner (Licor) using the application Image Studio v2.0.38 

(Licor). Quantification was also performed using the same application. 
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Table 3. Western blot buffers.  

Weights are given per liter. 

Loading buffer Running buffer Transfer buffer Blocking buffer 1° ab buffer TBST / 2° ab 
buffer 

10% SDS 
0.25% BPB 
30% Tris 
50% Glycerol 
20% bME 

15.5g Glycine 
1g SDS 
3g Tris 

3g Tris 
14.4g Glycine 
200mL MeOH 

2,4g Tris 
8g NaCl 
5% SMP/ BSA 

2,4g Tris 
8g NaCl 
5% SMP/ BSA 
0.1% Tween 

2,4g Tris 

8g NaCl 

0.1% Tween 

 

3.10 Aggregation analysis – thioflavin T fluorimetry 

Thioflavin T (Sigma) was dissolved in 20 mM Tris-HCl buffer to a concentration of 20 µM. This solution 

was then mixed in a 1:4 ratio to samples. Nontransparent 96-well plates were then read in a 

Spectramax M3 (Molecular Devices) under fluorescent settings with excitation/emission at 450/485 

using the program SoftMax Pro 6.1 (Molecular Devices). 

3.11 ELISA 

Elizabeth Cook at Landspítalinn kindly performed ELISAs on cystatin C concentrations in media. 

Briefly, a conventional sandwich ELISA consists of coating antibodies specific for a certain protein on 

the surface of a transparent 96-well plate. A solution containing the protein of interest is then added, 

which the coating antibody bind. A second antibody-enzyme conjugate, specific for the protein of 

interest, is added, followed by a solution that contains a substrate for the enzyme. The color 

developed is directly proportional to the protein amount. The enzymatic process is then stopped with a 

stopping solution and the resulting color change can be measured and used as a direct indicator of 

protein quantity. 

3.12 RTqPCR 

RTqPCR experiments were performed by Marcus Rappe. RNA was isolated from cystatin C 

transfected HEK293T cells using NucleoSpin® RNA II (Macherey-Nagel). RNA concentration was 

measured with NanoDrop 1000 (Thermo). Synthesis of cDNA was done with SuperScript™ 

(Invitrogen), 1 µg of RNA and 100 ng of random hexamer primers. RTqPCR solutions were then made 

using 1 µL of cDNA, 0.4 µM forward and reverse CST 3 primers (Sigma), DNAse free water 

(Fermentas) and 5 µL of Sybr green master mix (Applied Biosystems). The PCR cycle consisted of 

two steps, one 50°C 10 minute step and one 40 cycle 95°C for 15 seconds, 60° for 1 minute step. 

RTqPCR reactions were then run in a 7500 Real Time PCR System (Applied Biosystems) using the 

StepOne (Applied Biosystems) software. 
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3.13 Image processing 

Western blot images were captured using the software Image Studio v2.0.38 (Licor). Image 

processing such as cropping, desaturating and editing levels and curves was done using the program 

GIMP (public licence) while alignment and adding text was done in Inkscape (public licence).  

3.14 Statistics 

Statistics were calculated using the software Excel (Microsoft). When comparing measured differences 

between two populations, e.g. between mutant and wild type, a t-test was used. When looking at many 

populations an ANOVA was used to measure variation between and among populations. Tukey’s post 

hoc analysis was employed for further analysis of ANOVA results. 



  

25 

4 Results 

4.1 Generation of the L68Q mutation 

In order to produce both wild type and L68Q mutant variant cystatin C protein, two plasmids were 

needed, i.e. containing the wild type cystatin C sequence and containing the L68Q mutant gene. The 

method used to mutagenize the wild type plasmid is described in detail in chapter 3.1, in short PCR 

was used to mutagenize the gene using two primers containing the mutation. 

Both the wild type and the L68Q cystatin C plasmid are of the same length, around 5500 base pairs 

(bp), when cut with HindIII restriction enzyme (Figure 3). HindIII cuts at one site resulting in a full 

length linearized product. Mutagenesis was then confirmed with DNA Sanger sequencing. The wild 

type sequence corresponded to the known wild type sequence (31) with nucleotide base 281 of amino 

acid 68 being a thymine (Figure 3b, arrow). The L68Q mutant plasmid had a single base substitution 

at that site, switching thymine for adenine (Figure 3c, arrow). Both plasmids were then amplified as 

described in chapter 3.4. 

 

Figure 3. Mutagenesis and sequencing of cystatin C.  

(a) Agarose gel with wild type (WT) and L68Q mutant (MT) cystatin C plasmid after HindIII restriction 
enzyme digestion. (b) Genetic sequencing of the wild type cystatin C plasmid showing the region 
flanking the codon for amino acid 68 (box), second base is thymine (T, arrow). (c) Genetic sequencing 
of the L68Q mutant cystatin C plasmid showing the region flanking the codon for amino acid 68 (box), 
second base is adenine (A, arrow). 

4.2 Cell culture and transfection 

HEK293T cells were chosen for protein production due to their known ease of culture and transfection 

(38). Cells grew rapidly and showed the characteristic adherence and pyramidal/rhombic morphology 

(Figure 4a). Several commercial transfection reagents were used throughout the project, see chapter 

3.6 for a listing, all of which provided a sufficient transfection rate of at least an estimated 10-20% 

(Figure 4b). No transfection reagent proved superior. 
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Figure 4. HEK293T cell culture and transfection.  

(a) HEK293T cells are robust adherent cells that are easy to culture and grow quickly. (b) Transfection 
of HEK293T cells with eGFP plasmid using ESCORT IV transfection reagent. 

4.3 Cystatin C production in HEK293T cells 

To verify and quantify the production of cystatin C in transfected HEK293T cells media was sampled 

at 24-hour intervals following transfection. Presence of cystatin C protein was determined by western 

blot and quantitative measurements of cystatin C were made using ELISA. Transfected HEK293T 

cells produce and secrete more cystatin C than untransfected cells, sufficient to quench any 

native/endogenous cystatin C (Figure 5a). The amount of cystatin C in the media of transfected cells 

increases as the cells divide, reaching a plateau 7 days post transfection when cell growth surpasses 

the limits of the culture plate and cells start loosening from the substrate at sampling. There was a 

markedly lower concentration of the L68Q mutant variant in media compared to the wild type (Figure 

5b, c) which reached a significant difference on day three and thereafter when measured with ELISA 

(p = 9.5*10-6 and lower). This difference was not due to transcriptional differences as both cultures 

transcribe similar amounts of cystatin C RNA (Figure 5d). It was suspected that this difference might 

be due to protein degradation as has been previously observed (36). When samples of media from 

transfected cells were kept at 37°C the concentration of wild type protein stayed relatively stable 

whereas it rapidly decreased for the mutant variant, reaching 50% signal strength after 48 hours, while 

dimer formation was more rapid (Figure 5e, f, g). 

4.4 Purification of cystatin C from media 

Purity reduces the risk of bias due to other proteins, compounds or contaminants. Cell culture media 

from cell culture, also called conditioned media, contain a variety of secreted proteins that might 

influence any results focusing solely on the effects of a specific protein, in our case cystatin C, on 

various cellular responses. Thus, in order to remove some of these unspecific proteins from the media 

it was filtered through a beaded cellulose matrix buffered in a way to induce retention of most 

unspecific proteins while letting cystatin C pass through unhindered (39).  
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Figure 5. Cystatin C production, expression and stability.  

(a) Cystatin C protein in lysate and media from mutant-, wild type-, and non-transfected HEK293T 
cells 24 hours post transfection, western blot. (b) Concentration of cystatin C in media from HEK293T 
cells, western blot. (c) Concentration of cystatin C in media from HEK293T cells, ELISA. (d) Level of 
cystatin C mRNA transcription showing the number of cycles required to reach threshold, RTqPCR. (e) 
Line graph corresponding to the monomer values of cystatin C in (f). (f) Amount of cystatin C 
monomers and dimers in media from transfected HEK293T cells, kept at 37°C, western blot. (g) Line 
graph corresponding to the dimer values of cystatin C in (f). n = 3. Bars represent standard deviation. * 
represents a p-value ≤ 0.05 as measured with a t-test. 

* 

* 

* 

* 

* * 
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4.5 Aggregation of wild type and L68Q mutant cystatin C 

In order to measure the aggregation tendency of both wild type and L68Q mutant cystatin C the 

proteins were subjected to thermal denaturation. Solutions of purified cystatin C (as described in 4.4) 

were heated at different temperatures for two hours then aggregation was measured by measuring 

thioflavin T fluorescence. Thioflavin T is a benzothioazole salt that displays increased fluorescence 

when bound to β-sheet-rich regions such as those characteristic of protein amyloid and aggregates. 

Maximum thioflavin T fluorescence was seen when samples were heated to 84°C (Figure 6a, b). The 

L68Q mutant variant of cystatin C always measured with a significantly higher level of thioflavin T 

fluorescence than the wild type, indicating that these samples contained more protein aggregates. 

 

Figure 6. Cystatin C thermal aggregation.  

(a) Thioflavin T fluorescence of wild type and L68Q mutant cystatin C solutions after two hours of 
heating. (b) Thioflavin T fluorescence of wild type and L68Q mutant cystatin C solutions after two 
hours of heating, average of three experiments. n = 3. Bars represent standard deviation. * represents 
a p-value ≤ 0.05 as measured with a t-test. 

4.6 Effects of cystatin C on autophagy in HEK293T 

In order to evaluate whether cystatin C had any effect on autophagy in HEK293T cells the cells were 

either transfected with cystatin C wild type/L68Q variant or treated with conditioned media from 

transfected cells containing cystatin C wild type/L68Q variant. Previous studies have shown that 

cystatin C induces autophagy in murine neuronal cells (37). When HEK293T cells were transfected for 

41 hours with the cystatin C genes there was an increase in the autophagy marker LC3-II (Figure 7d). 

LC3 is a protein which is essential for the formation of the autophagosomal membrane. Cytosolic LC3 

(LC3-I) runs slower on a Western blot than PE bound LC3 (LC3-II) which is present at the 

autophagosomal membrane. Thus, the levels of LC3-I and LC3-II are commonly used for monitoring 

autophagy. The LC3-II band was significantly stronger in cells transfected with the wild type cystatin C 

gene in comparison to cells transfected with the L68Q mutant gene. Although not as apparent, there 

seemed to be a corresponding decrease in LC3-I in the same cells (Figure 7c). This indicated a 

difference in autophagy between the wild type and mutant protein. Another autophagy marker 

commonly used is p62, which is attached to the inner autophagosomal membrane and is degraded 

with increased autophagy. If autophagy was upregulated there should have been a decrease in the 

autophagy marker p62 indicating lysosomal breakdown but this was not seen (Figure 7e). When 

* 

* 
* 
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HEK293T cells were treated for 12 and 24 hours with media from other cells transfected with the 

cystatin C genes there was also a significant increase in the LC3-II marker, both for wild type and 

mutant, but only after 24 hours (Figure 7g). Although the cells that were treated with media containing 

L68Q mutant cystatin C had slightly less LC3-II compared to cells treated with media containing wild 

type cystatin C the difference was not as evident as seen in cells transfected with the genes. Cells 

treated with the cystatin C proteins also showed a slight increase in LC3-I, as opposed to the 

decrease seen when cells were transfected with cystatin C, but this change did not reach significance. 

Only a slight change was seen in p62 levels but this did not measure significantly different (Figure 7h). 

 

 

Figure 7. Effects of cystatin C on autophagy in HEK293T cells.  

(a) Amount of LC3-I&II, p62 and actin in cell lysates of HEK293T cells transfected with GFP, wild type- 
or L68Q mutant-cystatin C, western blot. (b) Amount of LC3-I&II, p62 and actin in cell lysates of 
HEK293T cells treated with wild type transfected, L68Q transfected or control conditioned media for 
12 and 24 hours. (c) Graph corresponding to the LC3-I values normalized to actin of (a). (d) Graph 
corresponding to the LC3-II values normalized to actin of (a). (e) Graph corresponding to the p62 
values normalized to actin of (a). (f, g, h) Graphs corresponding to (b), showing the amount of LC3-I, 
LC3-II and p62, respectively, in HEK293T cells when treated with media rich with L68Q mutant 
cystatin C, wild type cystatin C, conditioned media or normal media for 12 and 24 hours. n = 3. Bars 
represent standard deviation. * indicates a p-value ≤ 0.05 as measured with ANOVA. 
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5 Discussion 

In this study HEK293T cells were used to produce wild type and mutated cystatin C. The HEK293T 

cell line is one of the most commonly used mammalian cell lines used for protein production and 

indeed proved to be easily transfected and to produce high levels of recombinant protein. The cell line 

was made in the 70‘s by exposing cultured human embryonic kidney cells to sheared fragments of 

human adenovirus type 5 (40) and is actually more similar to neurons than epithelial cells, as they 

were originally thought to be, due to the fact that they transcribe a total of 61 mRNAs that are normally 

specifically expressed only in neurons (38). The cell line used in this study is a further transformed 

version transformed with the simian virus 40 (SV40) for stable episomal propagation of vectors 

containing an origin of replication (ori) of SV40 (41). Cultures were never maintained for more than 20 

passages and were exchanged for a fresh culture if cell growth was low or there was any apparent 

sign of senescence. However, a caveat of the study was the lack of record of previous passages of 

stocks when they were frozen down and stored in liquid nitrogen. 

Cystatin C is found in all tissues of the body and it is therefore no surprise that the human-derived 

cell line HEK293T also expresses cystatin C. However the expression of the exogenous genes was 

sufficient to quench any endogenous production. Also, there appears to be less produced of mutant 

cystatin C compared to the wild type counterpart. The reason for this discrepancy was not found but it 

has been reported that the mutant variant is much more prone to being degraded compared to the wild 

type variant (36).  

An attempt was made at filtering the solutions of cell culture media that contained cystatin C to 

purify the cystatin C proteins from other proteins. Cystatin C is by nature a basic protein with a pI of 

~9.3 (32) thus by buffering a beaded cellulose matrix in pH 9.4 ammonium bicarbonate it was possible 

to filter through cystatin C while a large portion of the other proteins in the media should, at least 

theoretically, be retained in the column. It was decided to use these solutions for experiments on the 

proteins. 

It would have been preferable to purify the protein completely so only the cystatin C protein 

remained. Various methods exist to purify proteins from solution. If one were to attempt to purify a 

certain protein from a solution of many proteins with maximal purity in mind then starting with salt 

fractionation and continuing on with ion-exchange chromatography, molecular exclusion 

chromatography and affinity chromatography would yield a very pure final product (6). Care must be 

taken to preserve the structure of the protein. Many factors can influence the stability of a protein. 

Proteins should preferentially be kept at 4°C when in use, and the pH and salt concentration of the 

solvent should be appropriately adjusted to increase the stability of the protein. 

Since cystatin C is degraded by the enzymes elastase and cathepsin D it would also have been 

interesting to examine whether it could have been possible to prevent this degradation of the mutant 

variant using specific elastase or cathepsin D inhibitors, e.g. DFP. DFP, or diisopropyl 

fluorophosphate, is a chemical compound with the formula C6H14FO3P that binds to serine of enzymes 

such as acetylcholinesterase (AChE) and thus inhibits the enzyme, in the case of AChE from 

deactivating acetylcholine during nerve signaling (42, 43). Another related serine binding enzyme 
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inhibitor that could be tested is MAFP, or methoxy arachidonyl fluorophosphonate (44-46). No further 

inquiry was made into why there was much less of the mutant variant compared to the wild type but it 

has been shown that the mutant variant is degraded to a greater extent (36). Although it has not been 

reported, a possibility remains that cystatin C may be inhibiting proteases that affect its own stability, 

which might explain the lower amount of mutant protein observed. 

Polymer formation of the proteins was measured indirectly with fluorescence measurements of 

thioflavin T which becomes fluorescent when bound to β-sheets of protein polymers (47, 48). The 

measurements do not give any information on the degree of polymerization nor what ratio of proteins 

is polymerized. Also, it has been observed that thioflavin T fluorescence can be structurally dependent 

and that not all aggregates show high thioflavin T fluorescence (49). That, and the fact that no positive 

control of pure amyloid was present for comparison, makes the results only speculative. Further 

analysis of the polymerization tendency of the proteins is necessary before any conclusions can be 

made on the matter. Results did indicate that the mutant variant was more likely to form polymers, at 

lower concentrations and lower temperatures. 

Autophagy is an important intracellular process that plays a role in maintaining cellular 

homeostasis. Defects in autophagy have been connected to diseases such as cancer, 

cardiomyopathy and more (16). Autophagy should be the process responsible for clearing away 

protein polymers and amyloid but for some reason there is an accumulation of the latter in some 

diseases with the cause remaining unknown. It has been shown that cystatin C induces autophagy in 

murine primary cortical neurons (37). This brought up the question of whether there was any 

difference in the level of autophagic induction when cells were treated with either variant of cystatin C, 

which could play a role in the pathogenesis. An interesting difference was seen when HEK293T cells 

were on one hand transfected with the wild type variant and on the other hand transfected with the 

L68Q mutant variant. The wild type variant seemed to induce autophagy, seen as an increase in LC3-

II, which has been used as a marker for autophagy, while the mutant variant did so to a lesser extent. 

This increase was also noticeable when cells were treated with cell culture media from other cells 

transfected with either variant. An increase was again observed in cells treated with the wild type 

protein, even if that increase did not reach significance, and again this increase was lower for cells 

treated with the mutant variant. However, there was no change observed with the autophagy marker 

p62 upon transfection with cystatin C (mutant or wild type). This indicates that there may be an 

induction of autophagy, which is not completed by active degradation. In order to further dissect this, it 

will be important to use autophagy inhibitors (e.g. Bafilomycin A1 and Chloroquine) to monitor the 

autophagy flux (active autophagy degradation). 

It can be said that the amyloid problem can be approached from two directions, on one hand by 

clearing away the amyloid after its formation or on the other hand by preventing its formation in the 

first place. Since it is still unclear what processes lie behind the formation of amyloid there is no 

specific process to target. An important next step would thus be checking whether it would be possible 

to degrade these polymers and/or clear them away one way or the other. Already it has been shown 

that THP-1 monocytes and macrophages differentiate and break down cystatin C amyloid in culture 

(50). It is thus still a mystery why the body is not able to clear away the amyloid.  



  

32 

Conclusion 

In this project the aim was to produce two variants of the cystatin C protein, i.e. the human wild type 

variant and the L68Q mutant variant found in HCCAA. This is not only done for a theoretical purpose 

but also for a practical purpose. The usefulness of this work consists of producing on one hand a 

healthy protein and on the other hand, an equivalent but mutated protein that forms amyloid and 

comparing the properties of these two proteins. Amyloid from mutated cystatin C has until now only 

been obtainable with post mortem extraction from patient tissues. By producing and polymerizing 

mutant cystatin C it is possible to produce a useful product for research on amyloidogenic diseases. 

The comparison of healthy cystatin C on one hand and mutated cystatin C on the other hand hopefully 

gives some clues as to how amyloidogenic diseases occur and/or how those diseases can be treated. 

This project showed that HEK293T cells are suitable for recombinant cystatin C production and that 

cells show high expression of the recombinant proteins. Proteins can be isolated from culture media 

and aggregated with thermal denaturation. Furthermore, there is an indication that cystatin C induces 

autophagy in HEK293T cells. However, further examination is needed in order to establish whether 

there is any difference in the level of autophagic induction between the two cystatin C proteins. 

 



  

33 

References 

1. Alberts B. Molecular biology of the cell. 4th ed. New York: Garland Science; 2002. xxxiv, 1548 
p. p. 
2. Hermesh O, Jansen RP. Take the (RN)A-train: localization of mRNA to the endoplasmic 
reticulum. Biochim Biophys Acta. 2013;1833(11):2519-25. 
3. Keenan RJ, Freymann DM, Stroud RM, Walter P. The signal recognition particle. Annu Rev 
Biochem. 2001;70:755-75. 
4. Colby DW, Prusiner SB. Prions. Cold Spring Harb Perspect Biol. 2011;3(1):a006833. 
5. Rawlings ND, Barrett AJ, Bateman A. MEROPS: the peptidase database. Nucleic Acids Res. 
2010;38(Database issue):D227-33. 
6. Berg JM, Tymoczko JL, Stryer L, Stryer L. Biochemistry. 5th ed. New York: W.H. Freeman; 
2002. 
7. Atapattu L, Lackmann M, Janes PW. The role of proteases in regulating Eph/ephrin signaling. 
Cell Adh Migr. 2014;8(4):294-307. 
8. Antoniak S, Mackman N. Multiple roles of the coagulation protease cascade during virus 
infection. Blood. 2014;123(17):2605-13. 
9. Jusko M, Potempa J, Kantyka T, Bielecka E, Miller HK, Kalinska M, et al. Staphylococcal 
proteases aid in evasion of the human complement system. J Innate Immun. 2014;6(1):31-46. 
10. Beck IT. The role of pancreatic enzymes in digestion. Am J Clin Nutr. 1973;26(3):311-25. 
11. Tanaka K. The proteasome: from basic mechanisms to emerging roles. Keio J Med. 
2013;62(1):1-12. 
12. Appelqvist H, Waster P, Kagedal K, Ollinger K. The lysosome: from waste bag to potential 
therapeutic target. J Mol Cell Biol. 2013;5(4):214-26. 
13. He C, Klionsky DJ. Regulation mechanisms and signaling pathways of autophagy. Annu Rev 
Genet. 2009;43:67-93. 
14. Mizushima N. The role of the Atg1/ULK1 complex in autophagy regulation. Curr Opin Cell Biol. 
2010;22(2):132-9. 
15. Settembre C, Fraldi A, Medina DL, Ballabio A. Signals from the lysosome: a control centre for 
cellular clearance and energy metabolism. Nat Rev Mol Cell Biol. 2013;14(5):283-96. 
16. Shintani T, Klionsky DJ. Autophagy in health and disease: a double-edged sword. Science. 
2004;306(5698):990-5. 
17. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell. 2011;147(4):728-
41. 
18. Yamada M. Cerebral amyloid angiopathy: emerging concepts. J Stroke. 2015;17(1):17-30. 
19. Kyle RA. Amyloidosis: a convoluted story. Br J Haematol. 2001;114(3):529-38. 
20. Ross CA, Poirier MA. Protein aggregation and neurodegenerative disease. Nat Med. 2004;10 
Suppl:S10-7. 
21. Revesz T, Ghiso J, Lashley T, Plant G, Rostagno A, Frangione B, et al. Cerebral amyloid 
angiopathies: a pathologic, biochemical, and genetic view. J Neuropathol Exp Neurol. 2003;62(9):885-
98. 
22. Palsdottir A, Helgason A, Palsson S, Bjornsson HT, Bragason BT, Gretarsdottir S, et al. A 
drastic reduction in the life span of cystatin C L68Q carriers due to life-style changes during the last 
two centuries. PLoS Genet. 2008;4(6):e1000099. 
23. Cohen DH, Feiner H, Jensson O, Frangione B. Amyloid fibril in hereditary cerebral 
hemorrhage with amyloidosis (HCHWA) is related to the gastroentero-pancreatic neuroendocrine 
protein, gamma trace. J Exp Med. 1983;158(2):623-8. 
24. Palsdottir A, Abrahamson M, Thorsteinsson L, Arnason A, Olafsson I, Grubb A, et al. Mutation 
in cystatin C gene causes hereditary brain haemorrhage. Lancet. 1988;2(8611):603-4. 
25. Palsdottir A, Snorradottir AO, Thorsteinsson L. Hereditary cystatin C amyloid angiopathy: 
genetic, clinical, and pathological aspects. Brain Pathol. 2006;16(1):55-9. 
26. Snorradottir AO, Isaksson HJ, Kaeser SA, Skodras AA, Olafsson E, Palsdottir A, et al. 
Deposition of collagen IV and aggrecan in leptomeningeal arteries of hereditary brain haemorrhage 
with amyloidosis. Brain Res. 2013;1535:106-14. 
27. Grubb A, Jensson O, Gudmundsson G, Arnason A, Lofberg H, Malm J. Abnormal metabolism 
of gamma-trace alkaline microprotein. The basic defect in hereditary cerebral hemorrhage with 
amyloidosis. N Engl J Med. 1984;311(24):1547-9. 



  

34 

28. Thorsteinsson L, Georgsson G, Asgeirsson B, Bjarnadottir M, Olafsson I, Jensson O, et al. On 
the role of monocytes/macrophages in the pathogenesis of central nervous system lesions in 
hereditary cystatin C amyloid angiopathy. J Neurol Sci. 1992;108(2):121-8. 
29. Bobek LA, Levine MJ. Cystatins--inhibitors of cysteine proteinases. Crit Rev Oral Biol Med. 
1992;3(4):307-32. 
30. Grubb A, Lofberg H. Human gamma-trace, a basic microprotein: amino acid sequence and 
presence in the adenohypophysis. Proc Natl Acad Sci U S A. 1982;79(9):3024-7. 
31. Abrahamson M, Grubb A, Olafsson I, Lundwall A. Molecular cloning and sequence analysis of 
cDNA coding for the precursor of the human cysteine proteinase inhibitor cystatin C. FEBS Lett. 
1987;216(2):229-33. 
32. Abrahamson M, Barrett AJ, Salvesen G, Grubb A. Isolation of six cysteine proteinase 
inhibitors from human urine. Their physicochemical and enzyme kinetic properties and concentrations 
in biological fluids. J Biol Chem. 1986;261(24):11282-9. 
33. Wilson ME, Boumaza I, Bowser R. Measurement of cystatin C functional activity in the 
cerebrospinal fluid of amyotrophic lateral sclerosis and control subjects. Fluids Barriers CNS. 
2013;10(1):15. 
34. Wallin H, Abrahamson M, Ekstrom U. Cystatin C properties crucial for uptake and inhibition of 
intracellular target enzymes. J Biol Chem. 2013;288(23):17019-29. 
35. Gauthier S, Kaur G, Mi W, Tizon B, Levy E. Protective mechanisms by cystatin C in 
neurodegenerative diseases. Front Biosci (Schol Ed). 2011;3:541-54. 
36. Wei L, Berman Y, Castano EM, Cadene M, Beavis RC, Devi L, et al. Instability of the 
amyloidogenic cystatin C variant of hereditary cerebral hemorrhage with amyloidosis, Icelandic type. J 
Biol Chem. 1998;273(19):11806-14. 
37. Tizon B, Sahoo S, Yu H, Gauthier S, Kumar AR, Mohan P, et al. Induction of autophagy by 
cystatin C: a mechanism that protects murine primary cortical neurons and neuronal cell lines. PLoS 
One. 2010;5(3):e9819. 
38. Thomas P, Smart TG. HEK293 cell line: a vehicle for the expression of recombinant proteins. 
J Pharmacol Toxicol Methods. 2005;51(3):187-200. 
39. Prelli F, Pawlik M, Frangione B, Levy E. Purification of human wild-type or variant cystatin C 
from conditioned media of transfected cells. Methods Mol Biol. 2005;299:221-6. 
40. Graham FL, Smiley J, Russell WC, Nairn R. Characteristics of a human cell line transformed 
by DNA from human adenovirus type 5. J Gen Virol. 1977;36(1):59-74. 
41. Jager V, Bussow K, Wagner A, Weber S, Hust M, Frenzel A, et al. High level transient 
production of recombinant antibodies and antibody fusion proteins in HEK293 cells. BMC Biotechnol. 
2013;13:52. 
42. Millard CB, Kryger G, Ordentlich A, Greenblatt HM, Harel M, Raves ML, et al. Crystal 
structures of aged phosphonylated acetylcholinesterase: nerve agent reaction products at the atomic 
level. Biochemistry. 1999;38(22):7032-9. 
43. Pibiri F, Kozikowski AP, Pinna G, Auta J, Kadriu B, Costa E, et al. The combination of 
huperzine A and imidazenil is an effective strategy to prevent diisopropyl fluorophosphate toxicity in 
mice. Proc Natl Acad Sci U S A. 2008;105(37):14169-74. 
44. Amara S, Delorme V, Record M, Carriere F. Inhibition of phospholipase A1, lipase and 
galactolipase activities of pancreatic lipase-related protein 2 by methyl arachidonyl fluorophosphonate 
(MAFP). Biochim Biophys Acta. 2012;1821(11):1379-85. 
45. Hoover HS, Blankman JL, Niessen S, Cravatt BF. Selectivity of inhibitors of endocannabinoid 
biosynthesis evaluated by activity-based protein profiling. Bioorg Med Chem Lett. 2008;18(22):5838-
41. 
46. Holtfrerich A, Makharadze T, Lehr M. High-performance liquid chromatography assay with 
fluorescence detection for the evaluation of inhibitors against human recombinant monoacylglycerol 
lipase. Anal Biochem. 2010;399(2):218-24. 
47. Biancalana M, Koide S. Molecular mechanism of Thioflavin-T binding to amyloid fibrils. 
Biochim Biophys Acta. 2010;1804(7):1405-12. 
48. Wolfe LS, Calabrese MF, Nath A, Blaho DV, Miranker AD, Xiong Y. Protein-induced 
photophysical changes to the amyloid indicator dye thioflavin T. Proc Natl Acad Sci U S A. 
2010;107(39):16863-8. 
49. Cloe AL, Orgel JP, Sachleben JR, Tycko R, Meredith SC. The Japanese mutant Abeta 
(DeltaE22-Abeta(1-39)) forms fibrils instantaneously, with low-thioflavin T fluorescence: seeding of 
wild-type Abeta(1-40) into atypical fibrils by DeltaE22-Abeta(1-39). Biochemistry. 2011;50(12):2026-
39. 



  

35 

50. Jonsdottir G, Ingolfsdottir IE, Thormodsson FR, Petersen PH. Endogenous aggregates of 
amyloidogenic cystatin C variant are removed by THP-1 cells in vitro and induce differentiation and a 
proinflammatory response. Neurobiol Aging. 2013;34(5):1389-96. 

 


