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Abstract 

Sudden unexplained death (SUD) is a term used when comprehensive medical examination 

and autopsy fail to find a conclusive cause of sudden death. In cases of SUD, post-mortem 

molecular and genetic evaluation methods have helped identify ion channel abnormalities leading 

to arrhythmias as cause. However, many cases of SUD remain unexplained by ion channel 

mutation evaluation. 

Using whole exome sequencing (WES) analysis, followed by strategic variant filtration, 

several mutations in the calreticulin gene (CALR) have been identified in cases of SUD. One of 

these mutations leads to an ultra-rare frame-shift in CALR, encoding a truncated mutant protein, 

CALR376fs. CALR is an endoplasmic reticulum (ER) Ca2+-binding protein and molecular 

chaperone for proper folding, assembly, and retention of secreted and membrane proteins, among 

several other functions. The involvement of CALR mutants in the SUD phenotype is puzzling and 

the mechanism is unknown.  

Molecular characterization of the CALR mutants compared to wild-type protein was 

performed, with focus on CALR376fs. It was found that the mutant proteins were folded different 

compared to wild-type CALR. Further analysis of CALR376fs indicated that it was also highly 

degraded and had impaired chaperone function. Traffic to the plasma membrane and activity of a 

Ca2+ ion channel linked to SUD has recently been found to be higher in presence of CALR376fs 

compared to wild-type protein. The present suggests that altered structure, decrease in abundance, 

and impaired chaperone function of CALR376fs lead to a defect in ER quality control and higher 

activity of a Ca2+ ion channel likely to cause cardiac arrhythmia and SUD.  
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CHAPTER ONE:  
 
Introduction 
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Sudden unexplained death 
 

Sudden death is the natural and unexpected death that occurs within an hour after the onset 

of symptoms, or when death occurs unwitnessed within 24 hrs of the deceased being seen alive 

and in a normal state of health [1-3]. Approximately 85% of all sudden deaths are of cardiac origin, 

otherwise known as sudden cardiac death (SCD) [4]. SCD is one of the most common causes of 

death in developed countries, with at least 3 million people dying suddenly each year [5, 6]. In the 

United States, an estimated 1,000 individuals die of SCD each day, with most of cases occurring 

in the elderly and often secondary to coronary artery disease [6]. 

 Meanwhile, sudden death is relatively uncommon in the 1-40 years age group, with an 

estimated incidence rate of 1.3 to 8.5 cases per 100,000 person-years [7]. Structural cardiac 

abnormalities such as hypertrophic cardiomyopathy, arrhythmogenic right ventricular 

cardiomyopathy, congenital coronary artery anomalies, or myocarditis can be identified at autopsy 

in the majority of cases [8]. However, in up to 30% of cases no structural abnormality is evident 

during autopsy and no cause of death is identified at post-mortem examination [6, 7, 9]. 

 The term sudden unexplained death (SUD) is used in cases where exhaustive post-mortem 

examination and autopsy fail to determine a conclusive cause of death [2, 10]. For cases of SUD 

in children, teenagers or young adults (individuals in the 1-40 years age group) sudden unexplained 

death in the young (SUDY) is the common terminology. 

On the other hand, sudden death in infants (individuals <1 year of age) can be attributed to 

infection, cardiovascular anomalies, child abuse/negligence, accidents, homicide or 

metabolic/genetic disorders after a thorough medico-legal investigation including autopsy. 

However, in as many as 70-80% cases of sudden death in infancy no identifiable cause is found, 
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and the cases are classified as sudden infant death syndrome (SIDS) [11-13]. SIDS has an 

estimated incidence of 53:100,000 live births in the United States and 40:100,000 in the United 

Kingdom [14, 15], and it is the leading cause of infant mortality in developed countries [16]. The 

high incidence of death in infants for no obvious reason and without warning is poorly understood, 

but it is believed to be due to the complex interaction of multiple factors. The convergence of three 

overlapping risk factors or ‘triple risk hypothesis’ has been proposed for the pathogenesis of SIDS: 

a critical developmental period, an exogenous homeostatic stressor, and an underlying 

vulnerability [17-19]. 

Molecular autopsy 
 

A genetic evaluation or “molecular autopsy” consisting of sequence analysis of DNA 

extracted from blood or tissue of the victim can help identify genetic mutations associated with 

the disease [7]. In the absence of explanations at post-mortem investigation, including lack of 

cardiac structural abnormalities during autopsy, cardiac arrhythmias are considered a likely cause 

of sudden unexplained death. Potentially lethal cardiac ion channel diseases, or channelopathies, 

leave no evidence to be found during a comprehensive autopsy and can trigger fatal arrhythmias 

[11]. Therefore, a “molecular autopsy” for analysis of cardiac ion channels mutations in the 

deceased has become an important tool in elucidating causes of SUDY and SIDS [20-25].  

In this manner, mutations in four genes encoding ion channels have been identified in the 

past in cases of SUD [6, 10]: 

- KCNQ1 (K+ voltage-gated channel subfamily Q member 1). 

- KCNH2 (K+ voltage-gated channel subfamily H member 2). 

- RYR2 (ryanodine receptor 2). 
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- SCN5A (Na+ voltage-gated channel alpha subunit 5). 

Cardiac channelopathies 
 

 Mutations in K+, Na+, and Ca2+ channels lead to ionic imbalances and arrhythmia-causing 

diseases [23, 26]. These cardiac ion channels associated diseases (channelopathies) are identified 

by abnormalities in a 12-lead electrocardiogram (ECG) [2, 27]. The four types of cardiac 

channelopathies are: 

- Long QT syndrome (LQTS). 

- Short QT syndrome (SQTS). 

- Brugada syndrome (BrS). 

- Catecholaminergic polymorphic ventricular tachycardia (CPVT). 

Long QT syndrome 
 

 Long QT syndrome (LQTS) is an inherited arrhythmia condition characterized by 

prolongation of the QT interval in electrocardiogram (ECG) due to prolonged ventricular 

repolarization. There is an increased risk for ventricular tachycardia (“torsades de pointes”), 

syncope, seizures, and sudden death with a structurally normal heart, which may be the presenting 

event in 5 to 10% of LQTS cases [6, 28]. Clinical diagnosis is based on a comprehensive evaluation 

based on personal and family history, and relies on electrocardiographic presence  of a prolonged 

corrected QT interval (QTc) ≥460 ms, as well as other ECG findings such as torsades de pointes 

or abnormal T wave morphologies [4, 28]. The prevalence of LQTS is 1:2,000 live births [29]. 

 Several different LQTS-susceptibility genes have been identified, indicating the genetic 

heterogeneity of the disease, and leading to its classification into 16 different subtypes (LQTS1 to 
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LQTS16) [4]. The major susceptibility genes encode α subunits of ion channels, and are gain-of-

function mutations in KCNQ1 (LQT1) and KCNH2 (LQTS2), as well as loss-of-function mutations 

in SCN5A (LQT3), which account for about 75% of cases of LQTS. The other minor genes encode 

channel regulatory subunits and accessory proteins, and account for about 5% of cases, thus 

rendering roughly 20% of cases undetermined by genetic evaluation [6]. 

Short QT syndrome 
 

 Short QT syndrome (SQTS) is a rare inherited disease characterized by a short-corrected 

QT interval (QTc) of ≤360 ms. Symptoms include syncope and palpitations, however SQTS 

confers considerable predisposition to atrial and ventricular fibrillation, and cardiac arrest and 

sudden death are the most common manifestations of the disease. The estimated prevalence is of 

less than 1:10,000 [30, 31]. 

 Six genes have been linked to SQTS: gain-of-function mutations in KCNH2, KCNQ1, 

KCNJ2 encoding K+ channels, and loss-of-function mutations in CACNA1C, CACNB2b, and 

CACNA2D1 encoding L-type Ca2+ channel subunits [4]. Even though familial association is found 

in the majority of cases of SQTS, the yield of genetic screening has been low, varying between 

15% and 40%, thus high rates of between 60% to 85% of cases have an undetermined cause at 

present [2]. 

Brugada syndrome 
 

 Brugada syndrome (BrS) is a hereditary disease characterized by right ventricular 

conduction delay and ≥2 mm coved ST-segment elevation in the anterior right precordial leads 

(V1-V3) in an ECG. One of the main manifestations is syncope, and ventricular arrhythmias 

typically occur at rest or during sleep in association to high vagal tone and fever. The prevalence 
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of BrS is estimated at 1:500-2,000 individuals and is highest in Southeast Asia, however these 

estimates are not based in robust evidence [17]. 

 Pathogenic variants have been identified in 24 genes encoding Na+, K+, and Ca2+ channels 

or associated proteins. However, loss-of-function mutations in SCN5A account for approximately 

20-25% of cases, while loss-of-function mutations in genes encoding L-type Ca2+ channel subunits 

(CACNA1C, CACNB2b, and CACNA2D1) account for approximately 5% of cases. Variants in 

other susceptibility genes are rare, and therefore as many as 70% of diagnosed cases remain 

unresolved [2, 27]. 

Catecholaminergic polymorphic ventricular tachycardia 
 

 Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a pathological 

condition where intense physical exercise or acute emotional stress may trigger ventricular 

tachycardia/arrhythmia. Typical manifestations include dizziness and syncope; however, 

arrhythmias may degenerate into rapid polymorphic ventricular tachycardia and fibrillation, 

leading to sudden death. Diagnosis of individuals with CPVT is difficult since they have normal 

electrocardiograms at rest. The diagnostic characteristics become evident during exercise ECG, 

where ventricular arrhythmias begin at 100-120 beats/min. The prevalence is about 1:1,000 

although this estimation is based on minimal evidence [4, 17]. 

 The main CPVT-susceptibility gene identified is RYR2, encoding the sarcoplasmic 

reticulum Ca2+ channel ryanodine receptor 2 (RYR2), which may account for more than 50% of 

cases. Another important susceptibility gene is CASQ2 encoding calsequestrin, a ryanodine 

receptor interacting and Ca2+-handling protein. Other minor rare susceptibility genes include 

CALM2 and CALM3 encoding the RYR2-interacting and Ca2+-handling protein calmodulin, and 
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gene TRDN encoding the RYR2 and CASQ2-scaffolding protein triadin. Altogether, these 

susceptibility genes may account for up to 65% of CPVT cases, with as many as 35% remaining 

unknown [2, 27].  

 There is a high percentage of undetermined causes for these channelopathies to this date, 

and it is similarly high for unresolved cases of SUD. Of note, most of the susceptibility genes 

identified thus far encode ion channels or interacting proteins at the membrane site [2]. More 

research is required for better understanding of processes related to ion channel genesis, 

processing, trafficking, and recycling, as well as of intracellular handling of ions in relation to 

arrhythmias with no cardiac structural defects [32]. This may help elucidate alternative 

mechanisms contributing to channelopathies, and decrease the prevailing high uncertainty around 

SUD events. 

Whole exome sequencing 
 

 More advanced, robust, and increasingly accessible genetic evaluations such as whole 

exome analysis (WES) by next generation sequencing, allow for examination of mutations in the 

whole protein-coding regions of the genome [33, 34]. The disadvantage of this is a vast amount of 

data generated and uncertainty on how to proceed with it [35]. The number of mutations identified 

could likely be high, so it must be processed and narrowed down to possibly pathogenic mutations. 

Another problem consists of obtaining false positives, for which the mutations need to be 

confirmed. Lastly, the contribution of the identified genetic mutations to disease may not be 

evident at the time, and thus should be classified as variants of unknown significance (VUS) [36]. 

A VUS requires confirmation in the case index, analysis of family history, observation of 

phenotype, identification of variant or gene in other case studies, and finally molecular and 
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functional characterization, in order to be categorized as pathogenic variant. Such careful analysis 

is carried out to avoid the problematic confusion of a non-pathogenic variant for disease causing, 

and help properly clarify and validate pathogenic genes and variants as contributors to the disease 

phenotype [36]. This is of high importance for future reference, as well as for adequate genetic 

testing and treatment/counseling of patients and relatives. 

Novel mutants identified and case index 

Post-mortem genetic evaluation performed in victims of SUDY and SIDS by WES analysis 

identified several mutations in the CALR gene (Table 1), elucidating a novel gene and variants that 

confer susceptibility to the sudden unexplained death phenotype. 
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Table 1. CALR mutants identified in cases of SUDY and SIDS 

Age Gender Ethnicity Additional Notes 
cDNA Nucleotide 

Change 
Mutation 

28 Female Caucasian Died in sleep. 31 C>T L11F 

3 months Female Caucasian - 170 A>G Y57C 

4 months Female Caucasian - 341 C>G P114R 

1.75 

months 
Female Caucasian - 566 G>C S189T 

2 months Male Caucasian - 734 C>T P245L 

19 Male Caucasian Died walking across room. 883 G>A D295N 

18 Male Caucasian 
Died during exercise 

(basketball). 
904 G>A D302N 

2 Female 
African 

American 
Died in sleep. 968 C>G S323C 

6 Male - Possible LQTS. 
del 1062_1064 

GAA 
355 K Deletion 

21 Male Caucasian 
Died in sleep. Family history 

of abnormal ECG. 

del 1130_1131 

AA 
376fs 

20 Male Caucasian 

Died in an unwitnessed 

collapse. Complained of 

chest pain. 

1139 A>G E380G 

16 Male Asian Died in sleep. 1142 A>C E381A 

16 Male Hispanic 
Died in unwitnessed collapse. 

Family history of syncope. 
1142 A>C E381A 

2 months Female Caucasian - 1142 A>C E381A 

3 months Male Caucasian - 1142 A>C E381A 

3 months Male Caucasian - 1142 A>C E381A 

2 months Female Caucasian - 1142 A>C E381A 

8 months Male Caucasian - 1142 A>C E381A 
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6 months Male Caucasian - 1142 A>C E381A 

2 months Female Caucasian - 1142 A>C E381A 

20 Male Caucasian Drowning. 
del 1191_1199 

TGAGAAGAA 

398-400 EED 

Deletion 

1 month Female 
African 

American 
- 

del 1191_1199 

TGAGAAGAA 

398-400 EED 

Deletion 

3 days Female Caucasian - 
del 1191_1199 

TGAGAAGAA 

398-400 EED 

Deletion 

Information about the victims of SUD is presented. The nucleotide changes in the CALR gene identified by 

WES and corresponding amino acid changes in CALR protein are shown (courtesy of Ackerman et al., 

Mayo Clinic, Rochester, MN, USA). 

 

 One of the elucidated mutations in the CALR gene, initially found by WES in a case of 

SUDY, narrowed down by strategic variant filtration analysis and identified as most probable 

cause of the phenotype, is an ultra-rare (minor allele frequency [MAF] < 0.005% in Allele 

Frequency Community [AFC, n=13,000][37], Exome Aggregation Consortium [ExAC, 

n=60,706][38], and the National Heart, Lung and Blood Institute Grand Opportunity Exome 

Sequencing Project [ESP, n=6,503][39] databases) frame-shift mutation CALR 

c.del1130_1131AA, encoding a truncated CALR protein at amino acid 376 (CALR376fs). The 

genetic mutation was confirmed in the victim of SUDY (Figure 1A) and in his mother, indicating 

an autosomal dominant maternal inheritance pattern. Available electrocardiogram (ECG) of the 

deceased indicated long QT syndrome (LQTS), a cardiac channelopathy leading to arrhythmia, as 

likely cause of sudden death (QTc= 542 ms). The mother of the deceased also showed prolongation 

of the QT interval (QTc= 475 ms). Furthermore, there was a history of multiple cases of SIDS and 

SUDY in the family pedigree (Figure 1B). 
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A. 

 

 

 

 

B. 

 

Figure 1. Nucleotide change identified and pedigree of CALR376fs case of SUDY 

A. Sanger sequence confirmation of the mutation in DNA obtained from the deceased. B. The CALR 376 

frame-shift (CALR376fs) mutation was identified in the index case (arrow, circled) and in the mother of the 

deceased (circled). Numbers in squares or circles indicate heart-corrected QT interval in milliseconds for 

family members with electrocardiogram (ECG) available. NA = ECG not available. (Courtesy of Ackerman 

et al., manuscript in preparation).  
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CALR loss-of-function (LOF) mutations such as frame-shift, nonsense, or splice error, are 

extremely rare in genome databases, with the CALR376fs – coding mutation absent in >140,000 

individuals.  Furthermore, LOF variants in the CALR gene are highly intolerable, with a probability 

of LOF intolerance (PLI) of 0.94 in a scale of 0-1 (Ackerman et al. manuscript in preparation). 

The genes most likely to influence disease are those that are the most intolerant of functional 

variation in the human population. A high PLI score such as that observed for CALR, indicates 

extreme selective constraint for a gene, where defects might lead to lethal disease, or heterozygous 

loss-of-function mutations might confer non-trivial survival or reproductive disadvantages [38, 

40]. 

CALR 

 The human CALR gene is localized to chromosome 19, consists of 9 exons and 8 introns, 

and spans approximately 3.6 kb of genomic DNA [41, 42]. CALR encodes a 46-kDa protein, with 

417 amino acids in length, containing an N-terminal cleavable amino acid signal sequence and a 

C-terminal KDEL ER retrieval signal, important for targeting and retaining the protein in the ER 

lumen [43]. The CALR protein consists of three structural and functional domains, which carry 

out two main activities: Ca2+ binding and protein folding. The N-domain and P-domain are 

important for chaperone activities, and the C-domain is highly acidic and binds Ca2+ with high 

capacity (Figure 2). The major functions of CALR are as an ER Ca2+ buffer and molecular 

chaperone, but it has many other functions and binding activities as well. 
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Figure 2. Linear representation of CALR domains and three-dimensional model 

The CALR protein consists of an N-terminal signal sequence, N-domain, P-domain, C-domain, and a C-

terminal KDEL sequence. Sites of disulfide bond formation and repeats A (IXDPXADXKPEDWDX) and 

B (GXWXPPXIXNPXYX) are shown. PDIA3 binding region, glucose binding region, chaperone and Ca2+ 

buffering regions are indicated. (Modified from [43]). 

 

N-domain 

 X-ray crystallography studies identified the N-domain as composed of eight antiparallel β-

sheets, making a stable globular core resistant to proteolysis in presence of Ca2+. The N-domain 

includes polypeptide and carbohydrate binding sites, a zinc-binding site, and a disulfide linkage 

site [43, 44].  
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P-domain 

 The middle portion of CALR, the P-domain, is proline-rich forming an extended flexible 

arm. It contains three sets of amino acid repeat A (IXDPXADXKPEDWDX) and of repeat B 

(GXWXPPXIXNPXYX), forming a structural backbone that may be involved in carbohydrate 

binding activities. The P-domain contains a region stabilized by three antiparallel β-sheets that 

interact with protein disulfide isomerase family A member 3 (PDIA3, also known as ERp57), for 

synergistic folding of proteins. This region binds Ca2+ with high affinity (KD = 1 μM) but low 

capacity (1 mol of Ca2+ per mol of protein). The P-domain also contains polypeptide and 

oligosaccharide binding regions, and in conjunction with the N-domain might form a folding unit 

responsible for chaperone function [43]. 

C-domain 

 The C-tail of CALR is highly acidic, containing a large number of negatively charged 

residues, which bind Ca2+ with low affinity (KD = 2 mM) and high capacity (25 mol of Ca2+ per 

mol of protein). It is responsible for the Ca2+ buffering activity of the protein, which binds about 

50% of ER Ca2+ [45]. The binding of Ca2+ can affect overall structure, function, and binding 

activities of the protein, thus the C-domain playing a regulatory role [46-50]. 

Additional functions of CALR domains 

 Besides the main activities in Ca2+ binding and chaperone function, other functions have 

been identified for the domains of CALR [41]. The N-domain has been shown to interact with the 

DNA-binding domain of the glucocorticoid receptor, with rubella virus RNA, α-integrin, protein 

disulfide isomerase (PDI), and has been shown to inhibit proliferation of endothelial cells and to 

suppress angiogenesis, affecting tumor growth and metastasis. The P-domain has been shown to 
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interact with PDI and perforin, a component of cytotoxic T-cell granules. The C-domain has been 

shown to bind to blood-clotting factors and to inhibit injury-induced restenosis.  

The main functions of CALR as Ca2+ buffer and molecular chaperone are well documented 

in the ER, however many of the functions outlined here and several others have been attributed to 

CALR at cellular locations other than the ER [51]. 

The ER 
 

 The ER is a dynamic cellular organelle that forms an extensive network of tubules and 

cisternae, representing the largest membrane system of animal cells [52]. It is a key component of 

intracellular Ca2+ signaling as main site of Ca2+ storage, and plays a crucial role in the synthesis, 

correct folding, and processing of membrane and secreted proteins. The ER is also the site of 

synthesis of phospholipids, cholesterol, and steroids, among other functions [41]. 

 The ER membrane is not a homogenous and steady machinery for protein and lipid 

synthesis, but rather the flexible structure formed by tubules and cisternae allows for contact and 

communication with other cellular compartments, such as nucleus, cytosol, mitochondria, Golgi 

apparatus, and plasma membrane [53-56]. The ER is a spatially and functionally heterogeneous 

system that forms compartmentalized microdomains though non-uniform distribution of resident 

proteins and ions, allowing for discrete and temporal signaling [57]. It is therefore a 

multifunctional organelle able to detect and integrate incoming signals, modulate its own luminal 

dynamics, and generate output in response to environmental changes [43]. In this way, the ER 

affects many aspects of cell physiology [41].  
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Ca2+ in the ER 
 

Ca2+ is a fundamental signaling molecule, important in regulation of a variety of critical 

processes, ranging from cell “birth” (oocyte fertilization), to muscle contraction, gene 

transcription, and apoptosis [58]. Intracellular Ca2+ homeostasis is maintained mainly by the ER, 

which has the highest Ca2+ concentration and its total is estimated to be about 1-3 mM [59]. 

Estimates of free ER Ca2+ range between 60-400 μM, however this concentration lowers to 1-50 

μM upon agonist-dependent store depletion [60]. Most ER Ca2+ is buffered by abundant luminal 

Ca2+-binding proteins, with CALR binding about 50% of it. 

 Loss of ER Ca2+ requires refilling of the organelle store, which is mediated by a process 

known as store-operated Ca2+ entry (SOCE) [61]. The ER transmembrane protein stromal 

interaction molecule 1 (STIM1) senses a state of depletion of ER Ca2+ levels, leading to its 

mobilization to the subplasmalemmal punctae and coming into contact with the plasma membrane 

protein Ca2+ release-activated Ca2+ channel protein 1 (ORAI1), which induces Ca2+ entry from the 

extracellular space [55, 61]. Ca2+ enters the ER through sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) and is released by inositol phosphate receptor 3 (IP3R) [62]. SERCA and IP3R therefore 

regulate Ca2+ dynamic fluxes in and out of the ER. CALR as a luminal Ca2+ buffer and modulator 

of ER Ca2+ content [45] has been shown to impact IP3R and SERCA activities, suggested to be in 

part by directly binding to SERCA [63]. 

Protein folding 
 

 Approximately one-third of total cellular proteins are synthesized in the ER [64], which 

must adopt a correct three-dimensional conformation to perform their biological function. This is 

supported by specialized proteins in the ER such as folding enzymes and molecular chaperones, 
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which retain and facilitate the correct folding, maturation, assembly and disassembly of proteins 

before their entry in the secretory pathway [65]. Misfolded proteins that do not attain their proper 

conformation are sent for ER-associated degradation (ERAD) [56]. 

 The ER contains a set of Ca2+-binding molecular chaperones for the large amount of 

proteins being synthesized and exported. Some of these chaperones are immunoglobulin binding 

protein (BiP), glucose-regulated protein 94 (GRP94), the oxidoreductase PDI-like family of 

proteins, heat-shock protein 47 (HSP47), calnexin (CANX), and CALR [56, 66]. Molecular 

chaperones are critical for development, and deletion of genes encoding CALR, BiP, GRP94, and 

PDIA3 are embryonic lethal [67-70]. 

 CALR and CANX are lectin-like chaperones involved in a key quality control process 

known as the CALR/CANX cycle, which retains monoglucosylated proteins for their proper 

folding and assembly [41, 43, 65]. Sequences of glucose trimming and addition to proteins (by 

glucosidases and the enzyme UDP-glucose glycoprotein glucosyl transferase [UGGT], 

respectively) regulate the monoglucosylated proteins that enter the CALR/CANX cycle. CALR 

and CANX are also required components that stabilize the peptide-loading complex (PLC) of 

major histocompatibility complex class I (MHC I) molecules. Both proteins bind Ca2+ and show 

high structural similarity and sequence homology, particularly of the P-arm, however CANX has 

a shorter transmembrane C-tail which has a cytosolic portion. While CANX is an ER membrane 

molecular chaperone, CALR is soluble and works from within the ER lumen. 

 CALR has lectin-like chaperone activity by binding to monoglucosylated intermediates, 

and also traditional chaperone activity by binding exposed hydrophobic peptide portions [71]. 

CALR has been shown to be a specific chaperone to certain proteins such as influenza 
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hemagluttinin (HA), Semliki forest virus (SFV) [72], vomeronasal type 2 pheromone receptor 

(V2R) [73], tyrosinase [74], and bradykinin receptor [45] for example, and to have a delay effect 

in the trafficking of peptides through retention, which is suggested to help stabilize proteins for 

folding and to suppress formation of non-productive aggregates. Indeed, in Calr-deficient cells 

protein folding is accelerated and quality control is compromised, leading to accumulation of 

unfolded proteins [75]. 

The N-and-P-domains of CALR are critical for chaperone activity, however such activity 

is partially Ca2+-dependent through effects on the flexible C-tail conformation [47, 76], which 

might affect the structure of the protein and accessibility of peptide-binding portions.  

PDIA3 
 

 One important component of the CALR/CANX cycle is the oxidoreductase PDIA3, which 

binds and works in synergy with each of these chaperones individually for proper folding of 

substrates, by catalysing disulfide bond formation and isomerization [77]. 

       PDIA3 is also a required component of the PLC of MHC I molecules, it has been shown 

to affect signal transducer and activator of transcription 3 (STAT3) signaling [70], and to modulate 

SERCA [78] and STIM1 [79] function, with subsequent effects on Ca2+ fluxes.  

ER stress and the unfolded protein response 
 

 As a large multifunctional organelle that is in dynamic communication with other cellular 

compartments, ER homeostasis can be affected by a wide range of cellular disturbances, such as 

viral infection, environmental toxins, oxidative stress, reactive oxygen species (ROS) production, 

heat, changes in pH, drugs, inflammatory cytokines, lipotoxicity, metabolic starvation, Ca2+ 
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depletion, impaired protein quality control system, and protein mutations [80]. Disruption of ER 

homeostasis compromises protein folding efficiency, leading to accumulation of misfolded, 

unfolded, or aggregated proteins, which is termed ER stress. Activation of ER stress leads to 

initiation of adaptive coping responses such as the unfolded protein response (UPR) [64]. The UPR 

is a fundamental signaling process that functions to restore ER homeostasis and protein folding 

capacity, mainly through stimulation of transcriptional activation of ER chaperones genes such as 

CALR, attenuation of general protein translation, and degradation of misfolded proteins. If ER 

stress remains unresolved, continuous UPR activation induces cell death by apoptosis [81].  

 The UPR is a complex signal transduction pathway that transmits information about the 

protein folding status of the ER to nucleus and cytosol to restore ER homeostasis. ER stress 

activates three ER transmembrane proteins to initiate the UPR: double-stranded RNA-activated 

protein kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-

requiring enzyme 1 alpha (IRE1α). Normally, these transmembrane proteins are bound and 

inactivated by the molecular chaperone BiP. However, accumulation of misfolded proteins in the 

ER lumen engages BiP, leading to dissociation from PERK, ATF6 and IRE1α, and mobilization 

of UPR signaling [64, 80, 81]. 

 Upon dissociation from BiP, PERK phosphorylates eukaryotic translational initiation 

factor 2α (eIF2α), which stops translation of proteins. ATF6 translocates to the Golgi complex, 

where it is cleaved by site 1 protease (S1P) and site 2 protease (S2P), releasing a DNA-binding 

domain that functions as transcription factor of ER stress elements (ERSE) that upregulate 

expression of molecular chaperones and ERAD proteins. IRE1α through endoribonuclease activity 

splices mRNA encoding transcription factor XBP1. The spliced XBP1 (XBP1s) when translated 

relocates to the nucleus to induce activation of genes encoding proteins involved in folding, 
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transport, and degradation of proteins. Apoptosis can be initiated during prolonged UPR in part by 

preferential translation of transcription factor ATF4 after PERK phosphorylation of eIF2α, and 

through activation of Janus kinase (JNK) pathways by IRE1α endonuclease activity.  

 The ER is an important intracellular organelle that allows cells to adjust to a wide variety 

of conditions through UPR activation. However, abnormal and sustained ER stress and UPR are 

involved in many pathologies including neurodegeneration, diverse forms of cancer, diabetes, pro-

inflammatory conditions, and cardiovascular disease [81]. There are therefore adaptive and 

maladaptive components of UPR activation in physiology and disease [80]. 

CALR outside the ER 

 Many functions, properties, and effects have been attributed to CALR at other cellular 

locations than the ER [51]. For example, CALR in the extracellular matrix is associated with the 

healing process of cutaneous wounds. CALR supports wound healing in part by upregulating 

tumor growth factor β3 (TGFβ3) which increases proliferation and migration of keratinocytes and 

fibroblasts, and possibly by interaction with components of the extracellular matrix such as 

collagen, laminins, and metalloproteinases required for remodeling [82, 83]. 

 Cell surface CALR also causes apoptotic and cancer cells to undergo immunogenic cell 

death (ICD) by phagocytosis, suggested to be in part due to binding to pro-phagocytic signal 

phosphatidylserine (PS), complement component 1q (C1q), and low-density lipid (LDL) receptor-

related protein (LRP) on phagocytes. Furthermore, CALR affects adaptive immunity by interaction 

with thrombospondin-1 (TSP-1) mediating focal adhesion of T-cells, and by interaction with 

perforin in secretory granules of cytotoxic T-lymphocytes (CTLs) for recognition of target cells 

and lytic activity [51, 82].  



21 
 

 CALR has been implicated in activities in cytoplasm and nucleus, by binding to α-integrin, 

rubella virus RNA, and glucocorticoid receptor for example, with proposed regulation of cell 

adhesion, translation and gene expression [41, 83]. 

  It is unclear how CALR can mobilize out of the ER to the cell surface or the cytosol. Cell-

surface CALR seems to be induced by various stressors that trigger the unfolded protein response 

(UPR) such as hypoxia, glucose fluctuation, viral infections, and changes in ER Ca2+ homeostasis 

[51, 83]. UPR activation increases CALR expression and abundance, which is suggested to allow 

escape from ER retention and entry to the secretory pathway, ending with exocytosis in a SNARE-

dependent pathway. Anthracycline antibiotics, and photodynamic therapy (PDT) have also been 

shown to induce cell-surface CALR [82]. Meanwhile, cytosolic CALR has been proposed to be 

due to retro-translocation from the ER, with modulation of a C-terminal signal sequence and post-

translational modifications such as glycosylation and arginylation involved in the process [83].  

 However, the retro-translocation of CALR to the cytosol has not been documented, and 

translocation to the cell surface is a matter of debate [82]. The presence of CALR on the cell 

surface could be partially due to a number of reasons from the experimental procedure, such as 

cell necrosis and release of CALR to neighboring cells, CALR antibody specificity issues, 

imprecision in technique used like flow cytometry, addition of extracellular CALR rather than 

intracellular translocation, quality of the recombinant CALR used, or contamination with 

lipopolysaccharide (LPS) which can affect observed outcomes such as immune response [82].  

 A better understanding of mechanisms involved in CALR localization outside of the ER is 

required for clarification. It has been proposed that CALR could modulate activities such as cell 

adhesion or gene expression by having effects on signaling networks from within the ER lumen 
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[41, 84]. This modulation could result from CALR’s role as a Ca2+ buffer, molecular chaperone, 

and component of the unfolded protein response [43, 82]. Such broad effects of CALR exemplifies 

the central role that the ER can play in diverse cellular functions. 

Regardless of precise mechanism, the vast variety of binding partners and effects of CALR 

in events such as wound healing, cell adhesion, angiogenesis, gene expression, cancer, and ICD, 

highlights the multifunctional nature of the protein and identifies it as an attractive therapeutic 

target [51, 82, 85]. 

Calr knockout and cardiac-specific overexpression of Calr in mice 
 

 The Calr-deficient mouse, created by homologous gene recombination technique, 

displayed embryonic lethality due to defects in cardiac development [67]. Histological analysis 

showed major lesions in the heart and marked decrease in ventricular wall thickness. Expression 

of activated calcineurin in Calr-deficient mice led to activation of nuclear factor of activated T-

cells (NFAT) and rescued embryonic lethality [86], indicating that Calr involvement in Ca2+ 

signaling is important for embryonic development. 

 Meanwhile, Calr overexpression in adult mice hearts causes bradychardia, complete heart 

block, and sudden death [87, 88]. Pathological changes in function of the sinus and AV nodes were 

observed, with Calr suggested to play a role in the cardiac conductive system. Histological analysis 

showed dilated atria and ventricular chambers, thinner ventricular walls, and disarray of 

cardiomyocytes. The cardiomyocytes displayed decreased current density of L-type Ca2+ channels 

(LTCC) and significantly reduced expression of gap junction proteins connexin43 and connexin40 

(Cx43 and Cx40), with suggestion of a possible Calr role in the folding, assembly and/or traffic of 

these channel and gap junction proteins [87].   



23 
 

 Calr is a ubiquitous protein that is highly expressed in the developing heart, but its 

expression is downregulated in late embryonic stages and abundance in the adult heart is low [67, 

89]. In adult cardiomyocytes, calsequestrin (Casq2) is the main Ca2+-buffering protein in the 

sarcoplasmic reticulum, important for demanding cardiac muscle contraction requirements [90]. 

The structural and spatial separation of sarcoplasmic reticulum and ER compartments in 

cardiomyocytes is not well understood [66, 91], but while the sarcoplasmic reticulum might be 

important for the contractile machinery through Ca2+ storage and release, the ER might be required 

for housekeeping functions, including regulation of protein quality control and other aspects of 

Ca2+ signaling, where Calr is relevant [88]. 

The studies in Calr-deficient mice embryos and overexpression in adult mice hearts 

indicate that defects in Calr expression lead to severe cardiac pathology, and thus regulation of 

Calr activity is critical for proper heart function.  

CALR in disease 
 

 High abundance of intracellular CALR has been found in different types of cancer, being 

positively correlated with tumor size in breast cancer and with metastasis in gastric, pancreatic, 

prostate, and ovarian cancers, for example. Curiously, higher CALR in the ER is associated with 

cancer progression, while CALR at the cell surface is detrimental for cancer cells [82, 85]. 

 CALR also plays a role in the pathophysiology of autoimmune diseases, as it has been 

identified as an antigen in sera from patients suffering from systemic lupus erythematosus (SLE), 

coeliac disease, polychondritis, and rheumatic disease. CALR has been found to associate with 

ribonucleoprotein complex Sjögren’s-syndrome-related antigen A (Ro-SSA), an auto-antigen in 

patients with SLE disorders. CALR may be an auto-antigen or may influence the pathology of 
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autoimmune disease by association with other complexes, such as Ro-SSA or components of 

innate and adaptive immunity as outlined previously [41, 51, 82, 83]. 

 Current research on CALR has been accelerated due to the discovery of somatic CALR 

mutations in humans with myeloproliferative neoplasms (MPNs) by two independent groups [92, 

93]. The mutations consist primarily of a 52 base-pair insertion or a 5 base-pair deletion, leading 

to frame-shifts in exon 9 and a truncated CALR protein. These mutations in CALR account for as 

many as 40% of cases of certain subtypes of MPNs, known as essential thrombocythemia and 

primary myelofibrosis, cancers associated with increased proliferation of megakaryocytes. One of 

the proposed mechanisms is that CALR mutants can induce increased activity of the 

thrombopoietin receptor (TpoR/MPL) through direct interaction [94-96], with a subsequent 

JAK/STAT signaling characteristic of MPNs. However, research is still ongoing on this matter. 

CALR mutants identified in SUD 
 

 CALR is a multifunctional protein that has been primarily identified in the ER, but with 

activities suggested at other cellular locations. CALR deficiency is embryonic lethal in mice due 

to impaired heart development, and cardiac-specific overexpression in adult mice leads to heart 

defects. CALR has been implicated in many cellular processes and linked to diseases such as 

cancer, autoimmunity, and with specificity to MPNs in recent years. The discovery of CALR 

mutations in victims of SUD adds additional weight to the relevance of CALR to human 

physiology. The identified CALR mutants provide an exciting opportunity to explore the 

involvement of the protein in proper cellular function, with the observed contribution to the 

pathology of disease when defective: arrhythmia and the SUD phenotype.  
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In order to do so, first the main known functions of CALR must be systematically studied 

and validated in the mutants, with focus on the truncated CALR376fs, by analysis of Ca2+ and PDIA3 

binding, cellular Ca2+ homeostasis, cellular localization and processing, induction of unfolded 

protein response (UPR), folding of the protein, and chaperone function. 
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Hypothesis 
 

The CALR mutants have defects in structure and function that contribute to arrhythmia and 

SUD. 

 

Objective 
 

To identify such defects by performing protein characterization through cellular, 

biochemical, and biophysical studies of the most relevant CALR activities. 
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CHAPTER TWO:  
 
Materials and Methods 
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Cell culture 

Wild-type and Calr-/- mouse embryonic fibroblasts (MEFs) were previously described [87]. 

Wild-type (female origin), Calr-/- (male origin), HeLa (female origin), and HEK293 (female origin) 

cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich) with 10% 

fetal bovine serum (FBS) (Sigma-Aldrich) and incubated at 37°C and 5% CO2. Wild-type and 

Calr-/- MEFs were transfected with YFP-CALRWT or YFP-CALR376fs expression vectors using the 

Neon transfection system (Invitrogen) as per the manufacturer’s protocol. HeLa cells were 

transfected with YFP-CALRWT, or YFP-CALR376fs, or with each of the other YFP-CALR mutants 

expression vectors by using Turbofect transfection reagent (Thermo Fisher Scientific, R0531). 

HEK293 cells were transfected with YFP-CALR376fs, or CALRD302N-GFP, or CALRS323C-GFP 

expression vectors using Turbofect transfection reagent. 

HEK293 cells were treated with tunicamycin (10 µg/ml), an inhibitor of protein 

glycosylation (Sigma-Aldrich, T7765), Brefeldin A (5 µg/ml), an ER-to-Golgi transport inhibitor 

(Sigma-Aldrich, B7651), or 1 µM MG132, proteosomal inhibitor (Sigma-Aldrich, C2211) for 16 

hrs. For induction of UPR cells were incubated for 5 hrs with 0.5 µM thapsigargin, an ER Ca2+ 

uptake inhibitor (Sigma-Aldrich, T9033). 

Immunoblotting and immunofluorescence microscopy  

Wild-type, Calr-/- and HEK293 cells were harvested 24-48 hours post-transfection into 

RIPA lysis buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% 

Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate. Lysates were prepared in sample buffer 

containing 1% β-mercaptoethanol, 10% glycerol, 2% SDS, 65 mM Tris pH 6.8, and 0.005 mg/ml 

bromophenol blue and separated on SDS-PAGE (10% acrylamide), followed by immunoblotting. 
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Immunoreactive protein bands were detected using peroxidase-conjugated secondary antibodies, 

followed by standard enhanced chemiluminescence reaction. Blots were probed with the following 

antibodies: homemade goat anti-CALR (1:300) and rabbit anti-PDIA3 (1:1000); and with rabbit 

anti-GAPDH (1:2000 Abcam, ab9485). Secondary antibodies were HRP-conjugated: rabbit anti-

goat and goat anti-rabbit (1:5000, Jackson ImmunoResearch). Immunoblot images were scanned 

and quantified by densitometry using Image Studio Lite Ver 5.0 (Li-Cor). 

Immunofluorescence analyses were performed by Dr. Elzbieta Dudek. HeLa cells were 

transfected with YFP-CALRWT, YFP-CALR376fs, or all other YFP-CALR mutant expression 

vectors, while HEK293 cells were transfected with YFP-CALR376fs and CFP-ER, CALRD302N-GFP 

and RFP-ER, or CALRS323C-GFP and RFP-ER expression vectors. Fluorescent imaging was 

carried out 24-48 hrs post-transfection on a Leica TCS SP5 confocal microscope using a 60x oil 

immersion lens. Overlap of YFP-CALR376fs and CFP-ER signal, or GFP-tagged mutants and RFP-

ER marker were analyzed using ImageJ (https://imagej.nih.gov/ij/download.html). A straight line 

was drawn across each cell and identified as a region of interest (ROI). The signal intensity of each 

channel (green for YFP-CALR376fs, blue for CFP-ER, green for CALRD302N-GFP and CALRS323C-

GFP, and red for RFP-ER) was obtained using the corresponding ROI and the values were plotted 

along the same X axis coordinates to identify regions of overlap. 

Ca2+ flux measurements 

Measurement of cytoplasmic Ca2+ concentrations were carried out using a Ca2+-free buffer, 

composed of 143 mM NaCl, 6 mM KCl, 1 mM MgSO4, 20 mM Hepes pH 7.4, 0.1% glucose, and 

1 mM EGTA. Ca2+ measurements on wild-type and Calr-/- cells in suspension were carried out 

using Fura2-acetoxymethyl ester (Fura2-AM, F1201) [87]. Measurements were carried out using 
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a Photon Technology International instrument (PTI) QuantaMaster spectrofluorometer system 

with excitation wavelengths of 340 nm and 380 nm and emission wavelength of 510 nm [45]. Ca2+ 

release from ER stores was induced by treatment with 2 µM thapsigargin, and store-operated Ca2+ 

entry was induced with 4 mM CaCl2. Ca2+ concentrations were calculated via two calibration steps: 

(1) a maximum value obtained by addition of 10 mM CaCl2 and 10 µM ionomycin and (2) a 

minimum value obtained by addition of 33 mM EGTA, 25 mM Tris, and 0.42% Triton X-100. 

Protein expression, purification, and proteolytic digestion 

Proteins were purified at the Department of Eukaryote Gene Engineering, Institute of 

Biotechnology at Vilnius University, Lithuania, as specified under the “plasmid DNA and site-

specific mutagenesis, expression and protein purification” section. Ten μg of purified CALRWT or 

CALR376fs or all other CALR mutants were incubated at 37 °C with trypsin at 1:100 

(trypsin/protein; w/w), with a final trypsin concentration of 10 μg/ml. Aliquots were taken at the 

indicated time points and the reaction was stopped by addition of sample buffer containing 1% β-

mercaptoethanol, 10% glycerol, 2% SDS, 65 mM Tris pH 6.8, and 0.005 mg/ml bromophenol 

blue. The proteins were separated in SDS-PAGE (12% acrylamide) and stained with Coomassie 

blue.  

Aggregation assay  

One μM malate dehydrogenase (MDH, Sigma-Aldrich, M2634) was mixed with 0.2 μM 

CALRWT, with 0.2 μM CALR376fs mutant, or with 0.1 μM CALRWT plus 0.1 μM CALR376fs mutant. 

Samples were incubated at 45 °C in 50 mM sodium phosphate, pH 7.5, in a quartz cuvette at total 

volume of 1.2 ml. Light scattering was monitored for 60 minutes, using a PTI QuantaMaster 
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spectrofluorometer system equipped with a temperature-controlled cell holder. Excitation and 

emission wavelengths were set to 320 and 360 nm, respectively [97-99]. 

Q-PCR analysis 

Total RNA was isolated from cells with the RNeasy Mini Kit (QIAGEN), and first strand 

cDNA synthesis was performed with iSCRIPT Reverse Transcription Supermix for Q-PCR (BIO-

RAD). For the real-time Q-PCR reaction, PerfeCTa SYBR Green FastMix (Quanta Biosciences) 

was used, and quantification was performed on Rotor-Gene Q (QIAGEN). The final quantitation 

of amount of target (Ct value) was converted to the amount of transcript and normalized by 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The following primers were used: XBP1s 

Forward: 5'-CCGCAGCAGGTGCAGG-3'; XBP1s Reverse: 5'-

GAGTCAATACCGCCAGAATCCA-3'; GAPDH Forward: 5'-

AGGGCTGCTTTTAACTCTGGT-3'; GAPDH Reverse: 5'-CCCCACTTGATTTTGGAGGGA-

3'. 

Plasmid DNA and site-specific mutagenesis, expression and protein purification 

Plasmid DNA and mutagenesis experiments were previously done by Dr. Elzbieta Dudek. 

cDNA encoding human CALRWT was inserted in a pEYFP vector containing an N-terminal signal 

sequence (SS-pEYFP) to generate YFP- CALRWT. CALRWT was cut out from the vector with 

restriction enzymes EcoRI and XbaI, to use as template for generation of the CALR376fs mutant. 

CALR376fs was generated by PCR-driven amplification of the CALRWT cDNA template by using 

a forward primer 5’- CTGAGGAGTTTGGCAACGAGACG-3’ and reverse primer 5’- 

TCTAGATCCTCCTTGTCCTCTGCCTCC-3’. The PCR product was ligated into a SS-pEYFP 

plasmid for generation of YFP- CALR376fs. 
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Other CALR mutants were generated using QuickChange site-directed mutagenesis kit. 

The primers used for this are summarized in Table 2. 

 

Table 2. List of primers used for mutagenesis 

Mutant Forward primer Reverse primer 

CALRP245L 

5’- 

GAGCATATCCCTGACCTTGATGCTAAGAAGCCCG

-3’ 

5’- 

CGGGCTTCTTAGCATCAAGGTCAGGGATATGCTC-3’ 

CALRD295N 

5’- 

GATCCACCCAGAAATTAACAACCCCGAGTATTCT

CCC-3’ 

5’- 

GGGAGAATACTCGGGGTTGTTAATTTCTGGGTGGAT

C-3’ 

CALRD302N 

5’-

CCCCGAGTATTCTCCCAATCCCAGTATCTATGCC -

3’ 

5’-

GGCATAGATACTGGGATTGGGAGAATACTCGGGG -

3’ 

CALRS323C 
5’- CCTCTGGCAGGTCAAGTGTGGCACCATCTTTG-

3’ 

5’-CAAAGATGGTGCCACACTTGACCTGCCAGAGG -

3’ 

CALRK355 del 5’-CAAAGGCAGCAGAACAAATGAAGGAC -3’ GTCCTTCATTTGTTCTGCTGCCTTTG 

CALRE380G 

5’-

CAAGAAACGCAAAGAGGAGGGGGAGGCAGAGG 

-3’ 

5’-CCTCTGCCTCCCCCTCCTCTTTGCGTTTCTTG -3’ 

CALRE381A 

5’-

GAAACGCAAAGAGGAGGAGGCGGCAGAGGACA

AG -3’ 

5’-CTTGTCCTCTGCCGCCTCCTCCTCTTTGCGTTTC -

3’ 

 

CALRWT-GFP, CALR376fs-GFP, and the rest of the mutants were generated by ligation of 

the previously obtained cDNAs into an SS-pEGFP vector using EcoRI and XbaI restriction 

enzymes. For CALRWT-GFP, forward primer 5’-CCGGGTACCATGGCCTCCGACGTGCTA-3’ 

and a reverse primer 5’-CCGGAATTCTTAGAGATCCTCCTGTGC-3’ were used. For 
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CALR376fs-GFP and other mutants were the same primers as above. The plasmids were sent to Dr. 

Evaldas Čiplys at the Department of Eukaryote Gene Engineering, Institute of Biotechnology at 

Vilnius University, Lithuania, for protein purification. 

CALRWT-GFP and CALR376fs-GFP mutant were purified from Saccharomyces cerevisiae, 

transformed with pFDC- CALRWT and pFDC- CALR376fs plasmids (forward primer 5’-

CCGGGTACCATGGCCTCCGACGTGCTA-3’ and a reverse primer 5’-

CCGGAATTCTTAGAGATCCTCCTGTGC-3’ were used for amplification of CALRWT gene,  

and forward primer 5’-TCTAGAATGCTGCTATCCGTGCCGCTGCTGC-3’ and reverse primer 

5’-TCTAGATCATCCTCCTTGTCCTCTGCCTCC-3’ were used for amplification of CALR376fs 

gene, which were restriction-cloned into the pFDC vector using XbaI restriction enzymes), with 

growth medium as described previously [100]. Culture medium was microfiltered through 1.6 µM, 

0.45 µM and 0.2 µM filters using a Pressure Filter Holder and a vacuum pump. After 

microfiltration, proteins from the culture medium were concentrated and transferred into the 

binding buffer (20 mM L-histidine, 100 mM NaCl, pH 5.5) through tangential ultrafiltration using 

cassettes with 100 kDa cut-off membranes and a peristaltic pump. Proteins were loaded onto the 

column packed with Q Sepharose FastFlow resin equilibrated in the same buffer. The column was 

washed with binding buffer and bound proteins were eluted with a NaCl concentration gradient 

(100–500 mM). CALR proteins were eluted in a single peak with approximately 250 mM NaCl. 

Elution fractions containing purified recombinant protein were pooled and buffer was exchanged 

to CALR storage buffer (20 mM Tris–HCl, 150 mM NaCl, 3 mM CaCl2, pH 7.5) using Sephadex 

G25 column. Proteins were stored frozen at −70 °C. Human PDIA3 (ERp57) was also purified 

from S. cerevisiae, transformed with pFDC-PDIA3 plasmid, growth medium as described 

previously [101]. 
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Microscale thermophoresis  

MST assays were carried out by Dr. Elzbieta Dudek, as described in [102]. Serial dilutions 

of Ca2+ were mixed with 300 nM of CALR protein in PBS buffer (25 mM phosphate pH 7.4, 150 

mM NaCl, 0.05% Tween-20) and incubated for 20 minutes. About 10 µl of sample were loaded 

into standard monolith NT capillaries provided by the manufacturer and assays were performed in 

a Nanotemper Monolith NT.015T. By plotting the concentrations of unlabeled binding partner 

with the changes in fluorescent thermophoresis signal, KD values were determined using the 

Nanotemper analysis software. The overlay diagram was made by normalizing the data to fraction 

bound. 

Surface plasmon resonance analysis  

Surface plasmon resonance measurements were performed by Dr. Elzbieta Dudek using 

BIACore. Sensor chips were coupled with purified PDIA3 in 10 mM sodium acetate buffer, pH 4 

at a flow rate of 5 ml/min, followed by blocking with 1 M ethanolamine, pH 8.5, for 7 mins. The 

binding of aliquots of purified CALR was measured in a buffer containing 20 mM Tris, pH 7.0, 

135 mM KCl, 0.05% Tween-20, 200 µM phenylmethylsulfonyl fluoride, 100 µM benzimidine, 

and protease inhibitors. Binding was carried out at 20 °C at a flow rate of 30 ml/min. 

Statistical analysis  

Data are presented as mean ± standard error of mean. Statistical analysis was performed 

using GraphPad Prism with one-way analysis of variance (ANOVA). Statistical significance was 

accepted at a p<0.05 value. 
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Equipment and software 
 

The Neon transfection system was purchased from Invitrogen. Leica TCS SP5 confocal 

microscope was from Leica Microsystems. The cell culture cabinet class II type A2 (NU-543-600) 

was from Labgard (Leduc, Canada), and the cell incubator from NUAIRE US autoflow. Centrifuge 

(5702) was obtained from Eppendorf. Rotor-Gene Q was from QIAGEN. The QuantaMaster 

spectrofluorometer was from Photon Technology International (PTI). The microscale 

thermophoresis equipment Monolith NT.015T was purchased from NanoTemper Technologies. 

Surface plasmon resonance instrument BIACore T200 system was from GE Healthcare Life 

Sciences. ImageJ was obtained from (https://imagej.nih.gov/ij/download.html). Statistical analysis 

were performed using GraphPad Prism 6 by GraphPad Software Company (La Jolla, USA) 
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CHAPTER THREE: 
 
Characterization of CALR Mutants 
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Identification of specific mutants along CALR structure 
 

 The classical nomenclature of CALR separates the protein into structural and functional 

domains (N-domain, P-domain, and C-domain) based on the continuous amino acid sequence. 

However, continuing research on structure and function of the protein suggest that the domains of 

CALR can be further viewed as specialized regions: a globular core region composed of N-domain 

and the N-terminus portion of C-domain, a flexible P-arm, and an acidic C-terminus region (Figure 

3A). This is based on the observed folding of the protein by X-ray crystallography, nuclear 

magnetic resonance (NMR) spectroscopy, and small-angle X-ray scattering (SAXS) studies, where 

the N-domain forms a globular core, the P-arm extends as a flexible loop, and the beginning of the 

C-domain integrates into the N-domain forming a β-sheet-based globular region, ending with an 

α-helix that leads to the flexible and highly disordered acidic C-tail [44, 50, 103-105].  

The length and high intrinsic disorder of the C-tail have precluded determination or 

modelling of the structure of this region, while the highly flexible P-arm has not been crystallized 

either, but rather has been separately solved by NMR. Overall, CALR is characterized by a highly 

dynamic structure containing a globular core decorated with long flexible regions, but such flexible 

regions (P-arm and C-tail) have prevented structural determination of the CALR protein.  

 Based on the current understanding of the structure of CALR and its arrangement into 

separate regions, the mutants identified in SUD can be mapped to either core globular region, P-

arm, or C-tail (Figure 3B). Mutants CALRP245L, CALRD295N, CALRD302N, CALRS323C, CALRK355 del, 

CALRE380G, and CALRE381A (the case index CALR376fs is presented in a separate chapter) were 

partially characterized here by analysis of cellular localization, binding to Ca2+, binding to PDIA3, 

and folding of the protein. The purified CALR mutants and wild-type protein (CALRWT) used in 
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this study were run in SDS-PAGE and stained with Coomassie blue, showing a single band with 

mobility at similar molecular weights of 55-kDa (Figure 3B). 

 

A. 

 

B.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mapping of CALR mutants to CALR specialized regions 

A. Suggested separate regions of CALR formed by its domains, based on structure and folding studies 

(modified from [50]). B. Location of CALR mutants identified in SUD to such regions in a three-

dimensional model according to amino acid number (left). Mobility in SDS-PAGE of purified CALR 

mutants evaluated by Coomassie blue staining (right).  
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Cellular localization of CALR 

CALR is an ER lumen resident protein, containing a cleavable amino acid signal sequence 

for targeting to the ER and a KDEL sequence for ER retrieval. However, CALR has been identified 

as a multifunctional protein, with activities suggested at other cellular compartments including the 

cytosol, nucleus, and most importantly at the cell surface [51, 82, 106]. Localization at other 

cellular compartments might depend upon post-translational modifications of the protein, or 

certain environmental conditions, such as in stressed or apoptotic cells. To investigate whether the 

CALR mutants identified in SUD undergo alternative distribution compared to wild-type protein 

that could affect function, the preferential cellular localization of CALR and mutants was 

evaluated. 

YFP-tagged mutants or wild-type CALR were expressed in HeLa cells and fluorescence 

analysis was performed by confocal microscopy [Figure 4 (a-g)]. Two of the mutants, CALRD302N 

and CALRS323C were also GFP-tagged, expressed in HEK293 cells, and analyzed against an RFP-

ER marker by fluorescence overlap comparison (Figure 5). 

 All the mutants displayed an ER distribution pattern similar to wild-type protein in intact 

cells. There was no visible lining of the plasma membrane by any of the mutants or wild-type 

CALR, but evident lining of nucleus contact sites. GFP-tagged CALRS323C overlapped with the 

ER marker, while CALRD302N also showed high overlap, however with some few localized clusters 

of non-overlap. 
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Figure 4. Cellular localization of CALRWT and CALR mutants 

Intracellular distribution of YFP-CALRWT and YFP-CALR mutants in HeLa cells visualized by 

fluorescence microscopy. Scale bar: 10.2 µM. (Performed by Dr. Elzbieta Dudek). 

 

 

Figure 4 a. Cellular localization of CALRP245L   

CALRP245L 

CALRWT 
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Figure 4 b. Cellular localization of CALRD295N 

 

Figure 4 c. Cellular localization of CALRD302N  

CALRD295N 

CALRD302N 
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Figure 4 d. Cellular localization of CALRS323C 

 

 

Figure 4 e. Cellular localization of CALRK355 del  

CALRS323C 

CALRK355 del 
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Figure 4 f. Cellular localization of CALRE380G 

 

Figure 4 g. Cellular localization of CALRE381A  

CALRE381A 

CALRE380G 
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A. 

 

B. 

 

Figure 5. Cellular localization of CALRD302N and CALRS323C and overlap with ER marker 

A. Overlap analysis of CALRD302N-GFP, or CALRS323C-GFP with RFP-ER marker in HEK293 cells. 

Pearson’s coefficient = 0.88. B. Overlap analysis of CALRS323C-GFP with RFP-ER marker in HEK293 

cells. Pearson’s coefficient = 0.95. Scale bars: 10.2 µM. (Performed by Dr. Elzbieta Dudek). 
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Ca2+ binding 

The ER is the main site of intracellular Ca2+ storage [59], and CALR is the main ER Ca2+-

binding protein [43, 45], therefore necessary for proper cellular homeostasis of this fundamental 

signaling molecule [84]. Considering that Ca2+, along with K+ and Na+, are the main ions with 

imbalances involved in arrhythmia and SUD phenotypes [2, 4, 27], it was necessary to examine 

whether CALR mutants have disrupted ability to bind Ca2+. 

For this purpose, microscale thermophoresis (MST) was used for the in vitro analysis of 

CALR interaction with Ca2+. Briefly, purified CALRWT or CALR376fs were mixed with increasing 

concentrations of Ca2+ in small capillaries. A temperature gradient was induced by an infrared 

laser, and changes in thermophoresis due to protein binding to ligand were detected by the 

Nanotemper Monolith NT.015T, and binding constants were determined using Nanotemper 

analysis software. 

 Binding curves are presented in Figure 6 (a-g), and binding constants are summarized in 

Table 3. All mutants were able to bind Ca2+ similar to CALRWT (K
D
 = 772.75 µM). However, MST 

analysis software calculated slight differences in mutants binding constants compared to wild-type 

protein, with the most marked differences in a relatively higher binding affinity by CALRD302N 

(K
D
 = 414.16 µM) and relatively lower binding affinity by CALR355K del (K

D
 = 1576.2 µM) and 

CALRS323C (K
D
 = 2130.56 µM). 
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Figure 6. Ca2+ binding affinity of CALRWT and CALR mutants 

Microscale thermophoresis (MST) of the interaction of Ca2+ with CALRWT and CALR mutants. Curves 

are derived from the specific change in thermophoretic mobility upon titration of ligand (Ca2+) to a 

constant CALR concentration. KD values were calculated using NanoTemper analysis software. Error bars 

= s.d.; n = 5. (Performed by Dr. Elzbieta Dudek). 
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Figure 6 a. Ca2+ binding affinity of CALRP245L 

 

 

 

 

 

 

 

 

Figure 6 b. Ca2+ binding affinity of CALRD295N  
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Figure 6 c. Ca2+ binding affinity of CALRD302N 

 

 

Figure 6 d. Ca2+ binding affinity of CALRS323C 
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Figure 6 e. Ca2+ binding affinity of CALR355K del 

 

Figure 6 f. Ca2+ binding affinity of CALRE380G 
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Figure 6 g. Ca2+ binding affinity of CALRE381A 

 

Table 3. Summary of Ca2+ binding affinities of CALR mutants 

CALR 
Binding affinity to 

Ca2+ (µM) 

Wild-type 772.75 ± 28.50 

P245L 628.21 ± 26.13 

D295N 669.11 ± 23.24 

D302N 414.16 ± 33.46 

S323C 2130.56 ± 25.52 

K355 del 1576.20 ± 24.21 

E380G 878.74 ± 18.74 

E381A 562.14 ± 23.93 
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Binding to oxidoreductase PDIA3 

The thiol oxidoreductase PDIA3 is an ER molecular chaperone that interacts with CALR 

for synergistic chaperone activity of glycosylated substrates, where PDIA3 aids in formation of 

disulfide bonds for faster folding rate. Among other functions, PDIA3 also binds to the ER Ca2+ 

sensor responsible for SOCE: STIM1, and binds to ER Ca2+ uptake protein SERCA, having 

therefore a possible role in modulation of Ca2+ homeostasis. 

The in vitro interaction of PDIA3 with CALRWT or mutants was examined by surface 

plasmon resonance (BIACore). Purified CALR was immobilized to BIACore sensor chips to test 

binding of purified PDIA3 at different concentrations. Representative binding curves sensorgrams 

from BIACore software are presented in Figure 7 (a-g), and binding affinities are shown in Table 

4. Except for CALRE381A, all mutants bound PDIA3 with higher affinity than CALRWT. 
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Figure 7. Surface plasmon resonance (BIACore) analysis of the interaction of PDIA3 with CALRWT 
and CALR mutants 

Purified PDIA3 was immobilized to a BIACore CM5 chip and aliquots up to 2 µM of CALRWT or CALR 

mutants were added as ligand. Representative sensorgrams of 3 independent analyses are shown. KD values 

were calculated using BIACore T200 software analysis. (Performed by Dr. Elzbieta Dudek). 
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Figure 7 a. BIACore analysis of the interaction of PDIA3 with CALRP245L 

 

 

 

Figure 7 b. BIACore analysis of the interaction of PDIA3 with CALRD295N 
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Figure 7 c. BIACore analysis of the interaction of PDIA3 with CALRD302N 

 

 

 

 

Figure 7 d. BIACore analysis of the interaction of PDIA3 with CALRS323C 
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Figure 7 e. BIACore analysis of the interaction of PDIA3 with CALRK355 del 

 

 

  

Figure 7 f. BIACore analysis of the interaction of PDIA3 with CALRE380G 
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Figure 7 g. BIACore analysis of the interaction of PDIA3 with CALRE381A 

 

Table 4. Summary of PDIA3 binding affinities of CALR mutants 

CALR Binding affinity to PDIA3 

Wild-type 112 ± 23 μM 

P245L 1.23 ± 0.93 μM 

D295N 1.09 nM * 

D302N 303 ± 287 nM 

S323C 32.6 ± 19.6 nM 

K355 del 19.5 ± 8.3 nM 

E380G 27.3 ± 7.27 nM 

E381A 187 ± 161 μM 

n = 3 
*n = 1 
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Folding of CALR 

In order to perform their biological function, proteins must adopt their proper three-

dimensional conformation. The information for this process is encoded in their amino acid 

sequence [107] and involves molecular chaperones and folding enzymes [108-110]. The mutated 

amino acid residues of CALR in SUD could alter the proper folding of the protein, and as 

molecular chaperone, this could impact the proper folding of substrate proteins and 

macromolecules.  

To investigate the effect of the mutations on CALR structure, the folding of CALR mutants 

was examined by comparing its resistance to proteolytic digestion by trypsin to that of CALRWT. 

CALRWT or mutants were incubated with trypsin for 1 hr, and aliquots were taken at different 

time-points and analyzed by SDS-PAGE, followed by Coomassie blue staining.  

Remarkably, all CALR mutants, except for CALRK355 del, exhibited higher resistance to 

digestion by trypsin over time compared to CALRWT [Figure 8 (a-f), top bands at 55-kDa for full 

protein] indicating a different accessibility of the enzyme and thus a different folding arrangement 

of the mutant proteins. Overall, CALRK355 del seemed to be digested faster than CALRWT, also 

indicating a different folding arrangement, but there was a persistent non-cleaved peptide at 50-

kDa after 1 hr, when all CALRWT had been cleaved. Interestingly, a similar unique resistant peptide 

at around 50-kDa was observed for CALRS323C and CALRE381A, but not the other mutants. 

CALRP245L displayed different mobility of a peptide at 28-kDa compared to CALRWT. The results 

indicate that CALR mutants are folded differently to wild-type protein, and there are some unique 

effects of the amino acid changes at specific locations of the protein on the accessibility of trypsin, 

and even on the folding pattern of the cleaved peptides.  
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CALRP245L 

 

 

 

Figure 8. Proteolytic digestion of CALRWT and CALRP245L 

Trypsin digestion analysis of CALRWT and mutants (shown is CALRP245L). Purified proteins were incubated 

with trypsin at 1:100 (trypsin/protein; w/w) at 37° C. Aliquots were taken at the indicated time-points. The 

proteins were separated by SDS-PAGE and stained with Coomassie blue (top). Quantitative analysis of 

Coomassie blue staining showing the ratio of non-digested protein to initial abundance over time (bottom).  
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CALRD295N 

 

 

 

Figure 8 a. Proteolytic digestion of CALRD295N 
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CALRD302N 

 

 

Figure 8 b. Proteolytic digestion of CALRD302N 
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CALRS323C 

 

 

 

 

Figure 8 c. Proteolytic digestion of CALRS323C 
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CALR355K del 

 

 

 

Figure 8 d. Proteolytic digestion of CALRK355del 
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CALRE380G 

 

 

 

Figure 8 e. Proteolytic digestion of CALRE380G 
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CALRE381A 

 

 

 

Figure 8 f. Proteolytic digestion of CALRE381A 
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CHAPTER FOUR: 
 
Characterization of CALR376fs Mutant 
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CALRWT vs CALR376fs 

The focus of this project was an ultra-rare non-synonymous frame-shift mutation in the 

CALR gene (c.del1130_1131AA) encoding the truncated mutant protein CALR376fs (Figure 9A). 

CALRWT and CALR376fs proteins were purified at the Institute of Biotechnology (Vilnius, 

Lithuania) as outlined in methods and as reported previously [100]. The proteins were run in SDS-

PAGE and stained with Coomassie blue, showing a single band with mobility at molecular weights 

of 55-kDa and 45-kDa for CALRWT and CALR376fs, respectively (Figure 9A). 

The CALR376fs mutant results in a shorter protein than CALRWT because of a deletion of 

41 amino acids at the Ca2+-buffering C-terminus, ending with a novel basic amino acid motif 

(RGGGGRGQGG) added after arginine (R) 376, instead of a highly basic C-tail, with also loss of 

a KDEL ER retrieval signal. Therefore, CALR376fs is 31 amino acids shorter than CALRWT (Figure 

9B).   

Matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF 

MS) analysis was used to validate the identity of purified CALRWT and CALR376fs [111, 112], 

which confirmed human CALR as sole source of protein (Figure 9C, top). Overlap of CALR376fs 

tryptic peptide fingerprint obtained from MALDI-TOF MS against CALR sequence is shown 

(Figure 9C, bottom).  

A comparison of basic properties of CALRWT and CALR376fs is shown in Table 5 . 
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A. 

 

 

 

 

 

 

 

 

B. 

 

 

 

 

 

 

 

Figure 9. CALRWT and CALR376fs structure and sequence comparison 

A. Three-dimensional model of CALR showing a cut at the C-domain for mutant CALR376fs (left), and 

mobility in SDS-PAGE of the purified proteins evaluated by Coomassie blue staining (right). B. CALRWT 

and CALR376fs sequences show C-terminus amino acids 365 to 417, indicating the novel terminal sequence 

CALR376fs after amino acid 376. C. Screenshots showing the result MALDI-TOF MS analysis (top) and 

tryptic peptides fingerprint identified in CALR376fs overlapped to the sequence of human CALR (bottom) 

(next page). 



68 
 

C. 

 

 

Figure 9 (continued from previous page) 
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Table 5. Comparison of basic properties of CALRWT and CALR376fs 

 

 

 

 

 

 

 

 

 

 

 

 
       Note: Values obtained by inputting CALRWT and CALR376fs amino acid  

      sequences in Protein Calculator v3.4 (http://protcalc.sourceforge.net/)  

 
 

Cellular localization of the CALR376fs mutant 
 

Considering that the CALR376fs mutant has lost part of its C-terminus, including the ER 

retrieval KDEL signal, it was necessary to check the cellular localization of the mutant. Other C-

terminus deletion CALR mutants implicated in myeloproliferative neoplasms (MPNs) have been 

found outside of the ER [95, 96, 113]. 

A YFP-tagged CALR376fs mutant was expressed in HeLa cells (Figure 10A), or in HEK293 

cells along with a CFP-ER marker (Figure 10B), and fluorescence analysis was performed by 

confocal microscopy. Overlap comparison of the fluorescence of the mutant to a CFP-ER marker 

indicated that CALR376fs localized to the ER, similar to the other mutants evaluated. 

  

CALR WT 376fs 

Length 417 aa 386 aa 

Predicted mass 47-kDa 43-kDa 

Mobility in SDS-PAGE 55-kDa 45-kDa 

pI 4.44 4.71 

Charge at pH 7.0 -57.3 -31.4 
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A. 

 

B. 

 

Figure 10. Cellular localization of CALR376fs 

A. Intracellular distribution of YFP-CALR and mutants in HeLa cells visualized by fluorescent microscopy. 

B. Intracellular distribution of YFP-CALR376fs mutant in HEK293 cells, with cyan fluorescent protein 

(CFP) targeted to the ER used as control. The overlap of YFP-CALR376fs and CFP-ER is shown. Pearson’s 

coefficient = 0.84. Scale bars: 10 µM. (Performed by Dr. Elzbieta Dudek).  

CALR376fs 
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Ca2+ binding affinity to the CALR376fs mutant 

Considering that the C-domain of CALR accounts for the high buffering activity of the 

protein, and since the CALR376fs mutant resulted in a shorter protein than CALRWT because of a 

deletion of 41 amino acids at the C-terminus, with a 10 non-acidic and slightly basic amino acid 

motif added, it was important to investigate whether the mutant had a decrease in Ca2+-binding 

ability compared to wild-type. 

Surprisingly, like the other mutants CALR376fs retained the ability to bind Ca2+, and instead 

showed a higher binding affinity (KD= 469.94 ± 19.78 µM) compared to CALRWT (KD= 772.75 ± 

28.50 µM) (Figure 11). 

 

Figure 11. Calcium binding affinity of CALR376fs 

Microscale thermophoresis (MST) of the interaction of Ca2+ with CALR376fs. Curves are derived from the 

specific change in thermophoretic mobility upon titration of ligand (Ca2+) to a constant CALR376fs 

concentration. KD value was calculated using NanoTemper analysis software. Error bars = s.d.; n = 7. 

(Performed by Dr. Elzbieta Dudek).  
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Binding of oxidoreductase PDIA3 to the CALR376fs mutant 

 As done before for the other CALR mutants, in order to analyze the effect of a C-terminus 

truncation on the ability of CALR to bind a synergistic folding protein, the in vitro interaction of 

PDIA3 with CALRWT or CALR376fs was examined by BIACore. Similar to most other mutants, it 

was found that CALR376fs had a stronger binding affinity to PDIA3 (KD = 962 ± 953 nM) compared 

to CALRWT (KD = 112 ± 23 µM) (Figure 12). 

 

 

Figure 12. Surface plasmon resonance (BIACore) analysis of the interaction between PDIA3 and 
CALR376fs 

Purified CALR376fs was immobilized to a BIACore CM5 chip and 2 µM PDIA3 was added as ligand. 

Representative sensorgram of 3 independent analyses is shown. KD value was calculated using BIACore 

T200 software analysis. (Performed by Dr. Elzbieta Dudek). 
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Ca2+ dynamics of the CALR376fs mutant 

Since the CALR376fs mutant had part of its Ca2+-buffering C-tail deleted, but it showed 

stronger binding affinity in vitro to Ca2+ and PDIA3, the effect of CALR376fs on intracellular Ca2+ 

dynamics was examined by transfecting the mutant into wild-type and Calr knockout (Calr-/-) 

mouse embryonic fibroblasts (MEFs). The cells were incubated in the fluorescent Ca2+ indicator 

fura-2 AM and fluorescence was measured in a Ca2+-free buffer, inducing ER Ca2+ release by 

adding thapsigargin, followed by SOCE by adding Ca2+.  

Wild-type cells did not show any difference in free ER Ca2+ release with CALRWT or 

CALR376fs mutant, and Calr-/- cells showed only a slight release decrease with the mutant (Figure 

13A). Overall, there was no significant difference in Ca2+ dynamics in cells expressing CALRWT 

or CALR376fs. However, both CALRWT and CALR376fs induced a decrease in SOCE in wild-type 

and Calr-/- cells. The differences in SOCE with CALRWT or CALR376fs were small and might be 

affected by expression of the proteins. Indeed, immunoblotting with anti-CALR antibodies 

indicated that the CALR376fs mutant was less abundant than CALRWT in both cell types (Figure 

13B). 
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Figure 13. Ca2+ dynamics of cells expressing the CALR376fs mutant 

A. ER luminal Ca2+ and SOCE of wild-type (top) and Calr-/- (bottom) cells expressing CALRWT or 

CALR376fs were analyzed by incubation with the fluorescent cytoplasmic Ca2+ indicator fura-2 AM and by 

measuring fluorescence at 340 nm in a Ca2+-free buffer. Thapsigargin (TG) and Ca2+ were added at the 

indicated time-points to induce ER Ca2+ release and SOCE, respectively. B. Immunoblot analysis of 

CALRWT and CALR376fs mutant (next page).  
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B. 

 

Figure 13 (continued from previous page) 

 

Processing of the CALR376fs mutant 

The observed low abundance of CALR376fs in MEFs could be due to different processing 

of the mutant compared to wild-type protein. Furthermore, the tighter binding of CALR376fs to Ca2+ 

and PDIA3 in vitro, but not much difference in Ca2+ dynamics or in PDIA3 levels with expression 

of CALR376fs in cells, could similarly be due to alternative processing of CALR376fs. 

In order to examine factors affecting processing and abundance, CALR376fs or CALRWT 

were expressed in HEK293 cells, followed by treatment with the N-glycosylation blocker 

tunicamycin, ER to Golgi transport blocker Brefeldin A, or proteasome inhibitor MG132. This 

was followed by immunoblotting with anti-CALR antibodies of obtained lysates. 
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CALR376fs seemed to be less abundant than CALRWT in HEK293 cells (Figure 14). There 

was some increase in mutant abundance with tunicamycin treatment, but not with BFA. However, 

treatment with MG132 led to a very high increase in abundance of the mutant. This indicates that 

the CALR376fs mutant was mostly being degraded. 

 

Figure 14. Processing of CALR376fs in cells 

A. Representative immunoblot analysis of HEK293 cells expressing CALRWT or CALR376fs mutant and 

treated with N-glycosylation blocker tunicamycin (10 µg/ml), ER to Golgi transport blocker Brefeldin A 

(5 µg/ml), and proteasome inhibitor MG132 (1 µM) for 16 hrs. B. Quantitative analysis of immunoblots 

showing the ratio of recombinant CALR to CALRWT with no treatment (n=2). 

0

0.5

1

1.5

2

2.5

No treatment Tunicamycin Brefeldin A MG132N
o

rm
al

iz
ed

 p
ro

te
in

 a
b

u
n

d
an

ce
/u

n
tr

ea
te

d
 

C
A

LR
 W

T

CALR WT

CALR 376fs

A. 

B. 



77 
 

Induction of UPR in cells expressing the CALR376fs mutant 

Analysis of ER stress/UPR by spliced XBP1 (XBP1s) of HEK293 cells transfected with 

CALRWT or CALR376fs showed that the mutant caused a higher UPR than wild-type protein, 

however this was not statistically significant (Figure 15). Induction of UPR was confirmed by 

thapsigargin treatment. Therefore, the CALR376fs mutant is highly degraded, but does not greatly 

induce UPR. 

 

Figure 15. Induction of UPR by CALR376fs 

Real-time Q-PCR analysis of spliced XBP1 (XBP1s) in HEK293 cells expressing CALRWT or CALR376fs, 

and treated with 0.5 µM thapsigargin for 5 hrs. Values were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). Error bars = s.d.; NS, not significant (ANOVA). Representative of 6 biological 

samples. 
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Protein folding of the CALR376fs mutant 

The CALR376fs mutant lacks part of the C-tail, bound Ca2+ and PDIA3 with higher affinity 

than CALRWT in vitro, but did not affect Ca2+ dynamics in cells, and showed low expression in 

cells due to degradation. The disrupted function of the mutant and apparent degradation could be 

due to disrupted structure. Therefore, as done before for the other CALR mutants, the folding of 

CALR376fs was examined by comparing its resistance to proteolytic digestion by trypsin to that of 

CALRWT. 

Indeed, the CALR376fs mutant exhibited higher resistance to digestion by trypsin over time 

compared to CALRWT (Figure 16, top bands at around 45- and 55-kDa, respectively) indicating a 

different accessibility of the enzyme and different folding arrangement of the mutant protein. 
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Figure 16. Proteolytic digestion of the CALR376fs mutant 

Trypsin digestion analysis of CALRWT and CALR376fs. Purified proteins were incubated with trypsin at 

1:100 (trypsin/protein; w/w) at 37° C. Aliquots were taken at the indicated time-points. The proteins were 

separated by SDS-PAGE and stained with Coomassie blue (top). Quantitative analysis of Coomassie blue 

staining showing the ratio of non-digested protein to initial abundance over time (bottom). 
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Chaperone function of the CALR376fs mutant 

CALR is a molecular chaperone and important component of the quality control system in 

the ER for folding, retention, and assembly of secretory and membrane proteins. However, 

CALR376fs showed to be folded differently compared to CALRWT. Therefore, it was investigated 

whether the disrupted structure of the CALR376fs mutant could be affecting its function as a 

molecular chaperone in vitro. To do so, the thermal aggregation of misfolded protein malate 

dehydrogenase (MDH) was analyzed by measuring increases in light scattering at 45°C in 

incubation with CALRWT or CALR376fs mutant for 1 hr. As shown by a decrease in light scattering 

of MDH, CALRWT inhibited thermal aggregation of MDH, while CALR376fs mutant did not (Figure 

17). Moreover, incubation of MDH with CALRWT in combination with CALR376fs resulted in 

partial aggregation of MDH, showing a half decrease in inhibition by CALRWT. 
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Figure 17. Aggregation suppression activity of CALR376fs on malate dehydrogenase (MDH) 

One µM MDH was incubated in presence or absence of 0.2 µM CALRWT, 0.2 µM CALR376fs, or 0.1 µM 

CALRWT plus 0.1 µM CALR376fs. Aggregation was recorded at 45° C by monitoring light scattering at 360 

nm, and is shown as fraction of MDH alone at end point. Data points are shown every 5 mins. Error bars = 

s.d. n = 4. 
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CHAPTER FIVE: 
 
General Discussion 
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CALR mutants localize to the ER 

Confocal fluorescence analysis of HeLa cells indicated that neither CALRWT nor mutants 

localized to the cell surface in intact cells, and instead displayed a typical ER pattern distribution 

with multiple contact sites surrounding the nucleus. Nevertheless, when the mutant CALRD302N 

was evaluated against an RFP-ER marker in HEK293 cells, it showed a small number of clusters 

that did not overlap with the marker when merging fluorescent images. It is a possibility that the 

amino acid change from aspartate (D) to asparagine (N) could insert a glycosylation site in the 

protein that led to higher degradation, and the reason it is seen as clusters. Alternatively, the 

heterogeneous nature of a vast organelle such as the ER is ideal for spatial and temporal specialized 

activities of proteins, therefore it is also possible that CALR could form microdomains that do not 

fully overlap with an ER marker. Several clusters are also evident in most mutants.  

Similarly, HEK293 cells transfected with CALR376fs and CFP-ER marker indicated that the 

truncated mutant localized to the ER, despite loss of Golgi-to-ER retrieval KDEL signal. This 

suggests that CALR376fs, as well as wild-type protein, might possess an ER retention signal in its 

amino acid sequence, or be kept in the ER due to interactions with other proteins such as PDIA3, 

or with Ca2+ [114]. 

CALR mutants bind Ca2+ and PDIA3 

The CALR mutants showed similar ability to bind Ca2+ compared to CALRWT, with small 

differences in binding affinities: some bound Ca2+ tighter, some had looser binding. Surprisingly, 

CALR376fs exhibited slightly higher binding affinity to Ca2+ (KD = 469.94 µM) than CALRWT (KD 

= 772.75 µM) despite lacking part of the high buffering C-tail, and having a predicted overall less 

negative charge. This is unlikely to be due to high affinity binding sites in the globular domain, 
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which have a Ca2+ affinity of <50 μM [48, 115], indicating that the mutant should have Ca2+ 

buffering ability in the ER.  

It would be interesting to determine the total buffering capacity of CALR376fs compared to 

that of CALRWT (25 molecules of Ca2+/mol of protein) [43]. Nevertheless, studies on a mouse Calr 

construct lacking part of the C-tail (1-362) have also shown higher binding affinity to Ca2+ 

compared to full-length protein, with KD values of 507 μM vs 590 μM, respectively [48]. 

Surprisingly, the construct also had higher binding capacity than wild-type protein (5.9 moles of 

Ca2+/mol of protein vs 3.8 moles of Ca2+/mol of protein).  

It was suggested that the N-terminal region of the acidic domain was sufficient to account 

for Ca2+ binding to low affinity sites, with 4–6 enthalpically driven low affinity sites measured 

within the C-domain of Calr (WT) as well as Calr (1–362). However, the differences observed in 

binding affinity and capacity to those previously reported [41, 115] might be because of different 

effects on folding of the proteins, due to different conditions in the techniques used (isothermal 

titration calorimetry vs equilibrium dialysis assay, enthalpy-driven vs entropy-driven binding). 

Similarly, the technique used in this study, microscale thermophoresis, might influence the folding 

and binding of mutant compared to wild-type protein. Regardless, this supports the importance of 

folding of CALR on Ca2+-binding ability. 

 Most mutants also bound oxidoreductase PDIA3 with higher affinity than CALRWT, with 

the possibility of this having effects on chaperone function and Ca2+ fluxes. It is also possible that 

CALR mutants could partially sequester Ca2+ and PDIA3 availability from CALRWT activity. 

Cells expressing CALR376fs have normal Ca2+ dynamics 
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The CALR376fs mutant had part of its Ca2+-buffering C-tail deleted, but it showed stronger 

binding affinity in vitro to Ca2+ and PDIA3, which could possibly affect Ca2+ dynamics in cells. 

However, transient transfection of wild-type and Calr-/- cells with CALRWT or CALR376fs 

expression vectors showed very small and not significant differences in ER Ca2+ release or SOCE 

when expressing CALR376fs compared to CALRWT. 

The observed results might be affected by abundance of CALR376fs, or partial 

compensatory activity by endogenous CALR in wild-type cells or of other Ca2+-buffering proteins 

in Calr-/- cells, which could help regulate ER Ca2+ content. For example, the molecular chaperone 

and Ca2+-binding protein PDIA3 displayed higher expression in Calr-/- cells. In any event, 

CALR376fs expression displayed normal Ca2+ dynamics in wild-type and Calr-/- cells compared to 

CALRWT. 

The CALR376fs mutant protein is highly degraded 

Consistent with the immunoblot of transfected wild-type and Calr-/- cells, CALR376fs 

seemed to be less expressed than CALRWT in HEK293 cells. Furthermore, consistent with 

fluorescence data, there was no increase of CALR376fs mutant expression with BFA treatment, 

indicating that the mutant was not being transported outside of the ER along the secretory pathway.  

However, treatment with tunicamycin led to some increase in CALR376fs mutant 

abundance, while treatment with MG132 led to a very high increase in abundance of the mutant. 

MG132 treatment suggests that the CALR376fs mutant was mostly being degraded by the 

proteasome, possibly through ERAD mechanisms.  

Intriguingly, treatment with tunicamycin, an N-glycosylation inhibitor and ER stress 

inducer, led to some increase in CALR376fs abundance, but this did not happen with BFA, an ER-
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to-Golgi transport inhibitor that is also an ER stress inducer. The difference is surprising 

considering that endogenous CALR and other molecular chaperones are ER stress response genes, 

which could help delay degradation by retention of the exogenous CALR376fs mutant. This 

difference could be due to the type of activity of each drug and time requirement in leading to ER 

stress and UPR activation, with consequent CALR and chaperones gene response. The N-

glycosylation blocking activity of tunicamycin could have a faster and greater immediate 

requirement for chaperone activity, whereas ER-to-Golgi transport blocking activity of BFA could 

be slower or have other preferential UPR requirements, such as ERAD.  

Alternatively, CALR376fs might interact with the accumulated non-glycosylated misfolded 

proteins leading to increased abundance, and further contribute to ER stress by defective chaperone 

activity. Lastly, it is possible that tunicamycin could directly bind and stabilize the mutant 

CALR376fs, decreasing degradation. 

The CALR376fs mutant does not induce higher UPR in cells 

 As a Ca2+-buffer and molecular chaperone with a folding defect that is highly degraded, 

possibly affecting the quality control of the ER, it was hypothesized that CALR376fs expression in 

cells would lead to high UPR. Despite a partial increase in UPR compared to CALRWT expression, 

this was not statistically significant. The high degradation of a misfolded CALR376fs, and probably 

compensation of other ER chaperones, might help mitigate ER stress and UPR activation. 

CALR mutants have a folding defect 

The higher resistance to trypsin digestion of CALR mutants compared to CALRWT suggest 

a different folding arrangement of the mutants, due to different accessibility of trypsin to cleaving 

sites on the protein. This is not surprising for CALR376fs considering that it is a shorter protein and 
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shows different mobility in SDS-PAGE. Moreover, the folding characteristics and stability of 

CALR have been previously reported to be affected by the C-domain and Ca2+ levels [46-48, 116]. 

It has been proposed that under physiological conditions the primary sequence of many 

proteins is not sufficient to determine a unique three-dimensional structure [117, 118]. Such 

proteins contain intrinsically disordered regions that provide a flexible character for a structure 

that can exist in dynamic equilibrium among multiple conformational states in response to 

environmental cues [119]. This appears to be a feature of several molecular chaperones [120-122]. 

Not surprising for a protein that has not been possible to be crystallized, structural and 

conformational computational analyses of CALR predict it to have several intrinsic disordered 

regions, indicating it is a highly disordered protein [119]. Some of these regions are able to undergo 

disorder-to-order transitions as result of binding, suggested to be crucial for recognition, 

regulation, and signaling function. Such regions of proteins are known as molecular recognition 

features (MoRFs).  

Using an established specialized algorithm called ANCHOR, five MoRFs were identified 

in CALR: residues 170–176, 198–204, 259–269, 304–352, 409–417, located at N, P, and C-

domains, and suggested as important for protein-protein interactions [119]. An alternative 

computational tool called MoRFpred supported this analysis of disorder-to-order regions by 

identifying several MoRFs in CALR: residues 1–10, 19–25, 50–55, 76–80, 199–206, 221–225, 

236–242, 247–252, 312–314, 332–334, 378–389, and 409–417. While ANCHOR-based predicted 

residues 170-176 and 259-269 were missing from MoRFs, they showed significantly higher 

average scores than adjacent regions, suggesting increased binding potential. 
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 These analyses contribute to the view of CALR as a dynamic, multifunctional, and highly 

promiscuous protein with structural flexibility that can interact with a wide range of binding 

partners by means of intrinsically disordered regions, identified as MoRFs. 

 Intriguingly, none of the whole set of mutants identified in SUD localize to this broad range 

of MoRFs. Only CALRE380G and CALRE381A, which were used for characterization studies, fall 

within the predicted residues by the alternative tool MoRFpred. This suggests that the mutants 

might not necessarily be involved in direct interaction with misfolded proteins or binding partners. 

However, it indicates that the mutated residues are located by structurally ordered regions of 

CALR. Disruptions of such ordered regions by amino acid changes might have striking 

consequences in the structure of the protein.  

This would lead to folding defects as observed in the trypsin digestion analyses of all 

mutants and is likely to affect CALR function in part by altering the accessibility of disordered 

regions, as well as ability to bind interacting partners and become stabilized.  

The CALR376fs mutant does not efficiently suppress aggregation of MDH 

The aggregation assay demonstrated that the CALR376fs mutant protein did not properly 

prevent aggregation of misfolded protein MDH or failed to be a substrate for proper folding or 

assembly of subunits for oligomer formation, suggesting an impaired chaperone function. 

Moreover, incubation of MDH with CALRWT in combination with CALR376fs mutant 

seemed to affect the proper inhibition of aggregation of CALRWT. This could indicate that the 

mutant is indeed binding to the misfolded protein but does not aid in proper folding, while 

preventing access to CALRWT, or that the mutant is directly interfering with CALRWT and affecting 

its chaperone activity. Alternatively, the amount of functional chaperone, CALRWT, may just not 
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be enough to prevent aggregation when complemented by a defective chaperone, CALR376fs, 

representing heterozygous conditions. 

Increased activity of L-type Ca2+ channel in presence of the CALR376fs mutant 

The CALR376fs mutant was discovered in a victim of sudden unexplained death in the young 

(SUDY), which was due to a cardiac arrhythmia induced by long QT syndrome (LQTS). The 

LQTS has been proposed by Ackerman et al. to be due to an increased activity of L-type Ca2+ ion 

channel (LTCC). Analysis of cardiac LTCC subtype Cav1.2 co-expressed with CALRWT in cells 

and in zebrafish has showed lower plasma membrane localization by immunoblot analysis and 

lower current activity by electrophysiological studies, compared to Cav1.2 higher plasma 

membrane localization and higher current activity when co-expressed in combination with 

CALR376fs, similar to Cav1.2 expressed alone (Ackerman et al, personal communication). This 

suggests that CALRWT expression leads to a decrease in LTCC activity, while CALR376fs does not.  

The impaired chaperone function of CALR376fs suggested by inability to prevent 

aggregation of MDH could explain the higher plasma membrane localization and activity of 

Cav1.2. While CALRWT had higher ER retention and quality control of Cav1.2, the defective 

mutant CALR376fs had lower ER retention and quality control in regulating Cav1.2 trafficking, 

leading to higher current. 

Future studies 

The experiments conducted in CALR376fs should be similarly performed in the other CALR 

mutants (Table 6). Importantly, the aggregation assay should be performed with the mutants to 

evaluate a common defect in chaperone function. More work of chaperone function in cells, with 

also folding and trafficking of Cav1.2 and other plasma membrane proteins, including ion 
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channels, and gap junction proteins connexin 40 and connexin 43, are required to confirm the 

defect of CALR mutants in contributing to SUD. Furthermore, a mouse model of CALR376fs and 

CALR mutants, and cardiomyocytes analysis could shed more light on the LQTS-induced SUD 

phenotype and the contributing molecular mechanisms.  

Table 6. Available data of the CALR mutants 

Mutant 
Cellular 

localization 

Ca2+ 

binding 

affinity 

PDIA3 

binding 

affinity 

Trypsin 

digestion 

Ca2+ 

dynamics 

in cells 

Processing 

in cells 

UPR 

activation 

in cells 

Aggregation 

suppression 

Effect 

on 

LTCC 

activity 

L11F          

Y57C          

P114R          

S189T          

P245L x x x x      

D295N x x x x      

D302N x x x x      

S323C x x x x      

K355 del x x x x      

376 fs x x x x x x x x x 

E380G x x x x      

E381A x x x x      

398-400 del          

 

Conclusions 
 

 The ER contains a broad set of molecular chaperones and folding enzymes for quality 

control of its extensive protein folding needs, but the organization, coordination, distribution, and 
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specificity of such specialized proteins remains poorly characterized [123-125]. For instance, one 

specialized family of ER quality control, the CALR/CANX cycle, composed of highly 

homologous proteins CALR and CANX, can interact with a significantly different spectrum of 

proteins, or interact with specific subunits at different stages of folding process, or for different 

periods of time [72, 126-128]. These differences are suggested to be in part due to N-domain 

characteristics unique to CALR that confer specialized folding of specific substrates, and to 

differential accessibility of substrate components from luminal versus membrane-proximal sides.  

 The finding of CALR mutants in contributing to arrhythmia and SUD phenotype by 

increased activity of an LTCC might elucidate a specialized function of CALR in the heart. CALR 

has been previously implicated in impaired expression and trafficking of plasma membrane 

proteins [73, 74, 129-132], including that of neuroendocrine LTCC Cav1.3 [133]. Therefore, the 

folding and arrangement of cardiac LTCC Cav1.2 subunits might have lower ER quality control 

by a possibly important specific chaperone being CALR, with Cav1.2 having higher trafficking to 

the plasma membrane and increased current activity in presence of the mutant CALR376fs.  

It is possible that endogenous Calr expression is downregulated in late embryonic stages, 

and protein abundance is low in adult mice hearts, in part to allow higher activity of LTCC in 

activation of sinus and AV nodes. Calr overexpression in adult mice hearts, and defective mutant 

CALR376fs in the present study have a similar SUD phenotype, indicating that tight control of 

CALR levels and activity in the heart are critical. A similar regulation of Calr levels and activity 

has been proposed in vomeronasal sensory neurons (VSNs) in mice. VSNs showed low abundance 

of Calr and instead high abundance of a VSN-specific Calr homolog, Calr4, which allows for 

traffic of vomeronasal type 2 pheromone receptor, since Calr was shown to affect its export [73, 

129].  
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The involvement of the ER in the cardiac channelopathy LQTS is not well studied, however 

it has been demonstrated that ~90% of missense mutations of one of the main genes responsible 

for LQTS, KCNH2 (causing LQT2) decrease the folding efficiency of K+ channel Kv11.1 and 

increase its retention in the ER by quality control mechanisms [134]. Defects in ion channel 

trafficking, including ER retention, are considered one of the less understood but important 

contributing mechanisms leading to arrhythmias [32, 135]. 

Therefore, quality control in the ER is a fundamental cellular process that can lead to 

disruption of proteostasis and cause disease under unfavorable conditions, for example when either 

chaperone or substrate are mutated, as also suggested in the current project. 

It is intriguing that Ca2+ dynamics were not affected by the truncated CALR376fs mutant in 

possibly contributing to arrhythmia and SUD. However, this makes sense taking into consideration 

other CALR mutants identified in cases of SUD, which might not necessarily have a decrease in 

Ca2+-buffering activity, as was estimated for a truncated mutant that lacks part of the buffering C-

tail. Moreover, the observed phenotype seems to be restricted to cardiac electric function in 

absence of structural abnormalities, while Ca2+ homeostasis defects from a ubiquitous Ca2+-

handling protein would probably lead to a wider range of phenotypes. A similar conclusion can be 

made from the observation of a not significant UPR activation. However, the possibility of a small 

continuous and persistent Ca2+ imbalance and UPR activation inflicted by CALR376fs in a busy and 

sensitive cardiomyocyte environment, as also contributing to the SUD phenotype should not be 

eliminated. 

In heterozygous conditions in vivo, it is conceivable that the disrupted CALR376fs mutant 

function effect be minimal because of degradation due to misfolding, and compensated for by 
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CALRWT. However, under high-demand for protein folding needs, such as in stressful conditions 

in the heart, CALRWT might not be enough to fully compensate the defect in chaperone function 

of CALR376fs, as observed in the in vitro assay, and lead to pathological high activity of LTCC due 

to impaired retention.  

CALR was here presented as a novel protein implicated in SUD. Characterization of 

mutants identified in victims of SUD, with focus on analysis of truncated mutant CALR376fs, 

elucidated defects in folding, decreased abundance, and impaired chaperone activity as main 

factors that may contribute to the SUD phenotype. CALR376fs is specifically suggested to lead to a 

decrease in ER quality control, and to higher current activity of LTCC as mechanisms contributing 

to SUD. This study also implicates the ER and molecular chaperones as cellular components whose 

investigation could help decrease uncertainty around causes of channelopathies such as LQTS, and 

of mechanisms responsible for SUD. 
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