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ABSTRACT 

 

Title of Dissertation: Depletion of endoplasmic reticulum calcium triggers the loss of   

                                     ER resident proteins 

 

Kathleen A. Trychta, Doctor of Philosophy, 2019 

 

Dissertation Directed by: Dr. Brandon Harvey, Ph.D. 

                                            Unit Chief, Molecular Mechanisms of Cellular Stress and   

                                            Inflammation, National Institute on Drug Abuse 

 

 

The endoplasmic reticulum (ER) contains proteins that carry out the diverse functions of 

the ER including calcium storage, protein folding, modification, and trafficking, lipid 

metabolism, and drug detoxification. When soluble ER resident proteins with an ER 

retention sequence (ERS) depart from the ER they interact with KDEL receptors in the 

Golgi membrane and are retrogradely transported to the ER lumen via the KDEL receptor 

retrieval pathway. ER calcium depletion disrupts this process resulting in the mass 

departure of ERS-containing proteins into the extracellular space. Such a loss of ER 

resident proteins has two potential consequences to an affected cell. First, there is a loss 

of proteins involved in the aforementioned critical ER functions. Second, the relocation 

of such proteins and their associated functions outside of the cell may cause changes in 

the extracellular environment. This dissertation describes the identification and 

characterization of a phenomenon whereby ER resident protein secretion is triggered by 

pathophysiological ER calcium depletion. By exploiting the enzymatic activity of one of 

the identified ERS-containing proteins we developed an assay to monitor changes in the 

ER proteome. We also developed a high-throughput screen that identified drugs that 

could prevent the release of ER resident proteins following ER calcium depletion and 

showed that several of these compounds have therapeutic potential in models of ER stress 



and ischemia. Taken together, the work described in my dissertation identifies a novel 

molecular mechanism of cellular dysfunction for which I have identified both 

endogenous biomarkers and possible therapeutics. 
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Chapter 1: Scope of Dissertation and Introduction 

 

Scope of Dissertation 

Understanding how disturbances in endoplasmic reticulum (ER) homeostasis play 

a role in disease pathogenesis has great therapeutic potential. Many of the functions of 

the ER depend on the maintenance of a steep ER calcium gradient, and disruptions in this 

gradient are linked to many pathologies including stroke, heart failure, and diabetes. This 

work examines a possible underlying mechanistic connection between these various 

conditions.  

This dissertation has produced three major findings. First, the redistribution of 

luminal ER proteins to the extracellular space was identified and defined as a cellular 

phenomenon that is triggered by depletions in ER calcium. Second, ER resident proteins 

were characterized as endogenous biomarkers of this phenomenon and a fluorescent 

assay that monitors ER resident protein secretion was defined. Third, a high-throughput 

drug screen using our ER calcium reporter identified FDA approved drugs as modulators 

of ER resident protein secretion.  A model of ischemia was used to demonstrate that ER 

resident protein secretion occurs in disease pathogenesis, can be tracked with the 

aforementioned biomarker, and can be ameliorated by treatment with Drug B, a 

compound found in the drug screen mentioned above that has not been previously 

associated with ER calcium homeostasis or proteostasis. The ultimate goal of this 

dissertation is to understand the dynamic relationship between ER calcium and the ER 

proteome in order to aid in the monitoring and treatment of human diseases. 
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The Endoplasmic Reticulum 

The ER is a complex and dynamic organelle that plays a critical role in carrying 

out cellular functions. The large membrane-bound organelle is found in all eukaryotes 

and has distinct morphologies despite having a continuous membrane and a continuous 

lumen. In general, the ER can be classified as rough or smooth. The rough ER is 

characterized by the presence of membrane-bound ribosomes that synthesize, modify, 

and fold proteins (1, 2). The smooth ER, so called because it lacks the ribosomes present 

on the rough ER, is where vesicle budding and fusion occurs and also serves as the site 

where contacts are made between the ER and other organelles (2).  ER structure and 

abundance vary between cells, and such variances may be indicative of cellular function. 

For example, secretory cells, like B cells and pancreatic cells, tend to have more rough 

ER perhaps because these cells have a high demand for protein synthesis, folding, and 

modification (3, 4). Enzymes necessary for sterol and steroid synthesis tend to be located 

in the smooth ER and adrenal cells are an example of specialized cells that are enriched 

in smooth ER (5-8).  The broad distribution of the ER puts it into close proximity with 

the mitochondria, Golgi, endosomes, peroxisomes, lipid droplets, and plasma membrane, 

forming areas of contact between the ER and other components of the cell (9-13). These 

ER contact sites allow for the transfer of small molecules, lipids, and calcium between 

the ER and other organelles and are important for non-vesicular transport and signaling 

(14-16).  

The complex organization of the ER may reflect its diverse functions. One of the 

most well-known functions of the ER is protein synthesis. The ER is responsible for the 

synthesis of both secreted and integral membrane proteins as well as some cytosolic 
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proteins (17). After unfolded polypeptide chains enter the ER, they are folded into their 

native three-dimensional conformation with the assistance of ER resident chaperones. 

The ER is also responsible for modifying proteins (e.g. N-linked glycosylation, disulfide 

bond formation, proteolytic cleavage) and ensuring that proteins are properly folded 

before they are sent on to their final destination (18). Disulfide bond formation, in 

particular, is a noted aspect of protein folding that occurs within the ER as the oxidizing 

environment of the ER and the presence of protein disulfide isomerases within the ER 

lumen promotes the formation of bonds between thiol groups in cysteine residues. The 

reducing environment of the cytosol is not conducive to the formation of disulfide bonds 

(19). The N-linked glycosylation that occurs in the ER is important for facilitating protein 

folding, but also plays a role in quality control. After an N-linked oligosaccharide is 

added to a polypeptide, three glucose residues and one mannose residue are removed. 

The removal of these residues appears to function as a signal that proteins are properly 

folded since following this modification proteins are transported to the Golgi for further 

processing. However, if proteins are misfolded, rather than being sent to the Golgi, a 

glucose residue is added by ER resident glucosyltransferases and the protein is retained in 

the ER for another attempt at proper folding (20, 21). Proteins that terminally misfold, 

aggregate, or do not reach a fully functional form are targeted for degradation. Primarily, 

these proteins are shuttled across the ER membrane into the cytoplasm where they are 

ubiquitinated and targeted for proteasomal degradation in a process known as ER-

associated degradation (ERAD) to ensure that they do not traverse the secretory pathway 

(22).  
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In addition to protein synthesis, the ER also plays a role in the maintenance of 

lipid homeostasis. Lipids act as signaling molecules, sources of energy, and membrane 

components, and the majority of lipid synthesis occurs in the ER (23). In particular, the 

ER is essential for the lipid biogenesis that underlies the formation of biological 

membranes. Enzymes located in the ER are responsible for turning glycerol and fatty 

acids into phospholipid precursors. After further processing, these phospholipid 

precursors can form molecules important for signaling and vesicle trafficking, although 

this may require further conversion outside of the ER. For example, phosphatidylinositol 

is synthesized in the ER, but phosphorylated outside of the ER before playing a role in 

intracellular signaling cascades (24). Additionally, both glycerophospholipids and 

sphingolipids, the main components of mammalian membranes, are made in the ER (25). 

While the ER is a noted site of lipid synthesis, the ER also contains enzymes necessary 

for lipid metabolism (26). Thus, the ER plays a critical role in cellular lipid composition 

and membrane lipid homeostasis. 

The ER also contains proteins that are needed to carry out specific cellular 

processes. For example, carbohydrate metabolism relies on enzymes from the ER (26). 

The ER also contains enzymes that are needed for xenobiotic metabolism (27). In 

particular, the smooth ER of the liver, is a noted site of drug detoxification where ER 

resident enzymes convert lipid soluble compounds (both endogenous and exogenous) into 

water soluble products that can be excreted in the bile or urine (28, 29). In addition to all 

of the aforementioned functions, the ER also serves as an intracellular calcium store.  
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Endoplasmic Reticulum Calcium 

Calcium levels within cells must be tightly controlled in order to carry out normal 

cellular processes. One of the main roles of calcium within the cell is as an intracellular 

messenger. This requires the cell to have a readily available supply of intracellular 

calcium, and the ER represents just such a store of calcium. As a result, cells can regulate 

muscle contractions, fertilization, and gene expression via calcium signaling (30). While 

calcium is also sequestered in other organelles including the mitochondria, Golgi, 

lysosomes, secretory vesicles, endosomes, and peroxisomes, the ER is the main source of 

intracellular calcium (31-35). Calcium within the ER lumen is usually maintained at very 

high concentrations with estimations putting ER calcium concentrations at 1,000 to 

10,000 times greater than in the cytosol (36-40). This steep calcium gradient is largely 

maintained by a calcium influx pump and two calcium efflux channels. The sarco-

/endoplasmic reticulum calcium ATPase (SERCA) pumps calcium from the cytoplasm 

into the ER at an energetic cost while the ryanodine receptor (RyR) and inositol 1,4,5-

triphosphate receptor (IP3R) allow for calcium efflux (41-43).  

SERCA is a transmembrane protein that transports two calcium ions into the ER 

for every molecule of ATP that is hydrolyzed. It is estimated that cells spend 25-50% of 

their total ATP on SERCA function (44, 45). In vertebrates, three different genes 

(SERCA1, SERCA2, and SERCA3) encode for SERCA with alternative splicing 

resulting in multiple different isoforms (46-49). SERCA2b is the most ubiquitously 

expressed form of the pump and also has the highest affinity for calcium (50). The RyR 

and IP3R are large tetrameric calcium release channels that are the main calcium efflux 

channels in the ER. In mammals three genes each encode for RyR and IP3R, with several 
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isoforms of each existing as the result of splicing (51-54). For RyRs, the primary trigger 

for receptor opening is calcium. In a mechanism known as calcium-induced calcium 

release, an influx of calcium into cells (usually through voltage-dependent calcium 

channels (VDCCs) or N-methyl-D-aspartate receptors (NMDARs) in the plasma 

membrane) triggers calcium sensors within the RyR. The RyR then binds calcium, which 

facilitates channel opening (55-57). Additionally, RyRs are sensitive to calcium levels 

within the ER lumen and in conditions where the ER is overloaded with calcium, RyRs 

will spontaneously open. This process is called store overload-induced calcium release 

(58, 59). IP3Rs, on the other hand, are inositol 1,4,5-triphosphate (IP3) gated calcium 

channels. The stimulation of G protein-coupled receptors (GPCRs) coupled to Gq 

proteins results in the activation of phospholipase C (PLC) (60). One of the downstream 

effects of PLC activation is the production of IP3. When IP3 binds to the IP3R it causes a 

conformational change in the receptor that exposes a regulatory calcium binding site. 

When calcium binds to this site, the IP3R opens (61). Thus, SERCA, RyR, and IP3R are 

all involved in the regulation of ER calcium.  

The previously detailed functions of the ER depend on the maintenance of a steep 

calcium gradient with depletions of luminal ER calcium being associated with protein 

synthesis inhibition, protein degradation, and aberrant protein folding and maturation (62-

64). Decreased ER calcium is also associated with the accumulation and aggregation of 

misfolded proteins, which can lead to ER stress and activation of the unfolded protein 

response (UPR) (65-67). The UPR is a signaling pathway mediated by three 

transmembrane proteins: activating transcription factor-6 (ATF6), inositol-requiring 

kinase 1 (IRE), and double-stranded RNA-activated protein kinase-like ER kinase 



7 

 

(PERK) (68-71). Activation of the UPR initiates signaling cascades that result in 

decreased protein synthesis, chaperone up-regulation, and increased ERAD. The UPR 

works to restore ER homeostasis, but if balance cannot be restored UPR activation can 

initiate cell death (72). To avoid the adverse effects associated with ER calcium 

depletion, cells must employ mechanisms to prevent excessive ER calcium loss. 

Store operated calcium entry (SOCE) is one mechanism by which cells work to 

maintain the ER calcium gradient. SOCE refers to the process by which plasma 

membrane calcium channels are activated by decreased luminal ER calcium to allow for 

calcium entry from outside of the cell in order to regulate cytosolic and ER luminal 

calcium levels (73, 74). Following a decrease in ER calcium, the ER resident proteins 

STIM1 and STIM2 (stromal interaction molecule 1 and 2) aggregate, undergo a 

conformational change, and move to form ER-plasma membrane junctions (75, 76). At 

these junctions, STIM recruits the Orai family of membrane proteins that function as 

highly selective calcium channels (77-79). The interaction between STIM and Orai 

activates Orai allowing for calcium influx into the cytosol (80). This process is reversible 

and following store refilling the association between STIM and Orai is terminated (81). 

Cells therefore have multiple mechanisms at work to maintain the tight control over ER 

calcium levels that is imperative for proper ER and cellular functioning (Figure 1.1).  

 

Monitoring ER Calcium Homeostasis 

ER calcium is essential for ER functioning, but understanding the role of calcium 

in the many dynamic processes and activities of the ER requires the ability to monitor ER 

calcium stores. Historically, ER calcium has been challenging to monitor because of the  
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Figure 1.1: Endoplasmic reticulum calcium regulation. (1) SERCA pumps calcium into the ER lumen. 

(2) Following an interaction with IP3, the IP3R allows for calcium efflux from the ER. (3) The RyR allows 

for calcium-induced calcium release from the ER. (4) In times of ER calcium depletion, STIM and Orai 

interact permitting calcium to flow into the cell from the extracellular space. Figure modified from an 

illustration produced by Susanne Bäck, Ph.D. 
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high calcium concentration within the ER lumen. Most approaches rely on either 

chemical dyes or genetically encoded sensors. Chemical dyes with a range of binding 

affinities to calcium have been engineered. These dyes are composed of a calcium  

chelating component attached to a fluorescent reporter. When calcium concentrations 

within the ER are of interest, low affinity calcium dyes are needed because of the 

relatively high levels of calcium present within the organelle. Low affinity calcium dyes 

with a variety of spectral properties exist. Some dyes, like Fluo-5N-AM, are cell 

permeable, while other dyes must be introduced into cells using techniques like 

microinjection, electroporation, and liposome transfer (82). Toxicity can be a problem 

with these dyes as there is a fine balance between increasing signal strength and the 

toxicity associated with increased dye concentration. It is also difficult to restrict dyes to 

the ER. The development of targeted-esterase induced dye loading (TED) has increased 

dye localization to the ER. In TED, expression constructs are used to overexpress ER 

resident carboxylesterases (usually mouse CES2) and then cells are incubated with 

acetoxymethyl (AM) ester-linked calcium dyes. In the ER, the overexpressed 

carboxylesterases convert the dye into its calcium-sensitive, membrane-impermeable 

form, thus trapping the dye at high levels in the ER lumen (83). While this method 

improves dye localization to the ER, dyes are still limited to acute experiments and 

require imaging that is not conducive to long term monitoring. 

Genetically encoded calcium indicators (GECIs) are fluorescent reporters that 

have a calcium-binding domain fused to a fluorescent protein (84). By using specific 

promoters and targeting sequences, GECIs can be targeted to cellular subtypes or certain 

organelles with greater resolution than many dyes can achieve (84). Unless the GECI is 
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integrated into the genome, as with transgenic animals or stable cell lines, analyses are 

limited to cells and tissues that are amenable to gene transfer techniques. A number of 

ER-targeted GECIs have been created with CEPIA1er (calcium-measuring organelle-

entrapped protein indicator 1 in the ER) and GCaMPer (ER-targeted GCaMP indicator 

protein) being among those most recently reported (85, 86). Both CEPIA and GCaMPer 

are fluorescent proteins with a low affinity for calcium such that ER calcium depletion 

results in a loss of GECI fluorescence. Calcium dyes and GECIs are powerful tools for 

studying ER calcium dynamics and provide ways to directly assess ER calcium stores, 

but they are subject to the inherent pitfalls of imaging techniques (i.e. photobleaching, 

background fluorescence, ex vivo tissue analysis or surgery for in vivo studies) and may 

not be amenable to long-term longitudinal monitoring of ER calcium.  

 

Secreted ER Calcium Modulated Protein (SERCaMP) 

In the search for a way to longitudinally monitor ER calcium depletion our lab 

explored the use of reporter proteins, eventually producing and characterizing a reporter 

based off of an ER resident protein. The trophic factor MANF (mesencephalic astrocyte 

derived neurotrophic factor) is an ER localized protein as well as an ER stress responsive 

protein (87-90). The C-terminus of MANF, RTDL (Arg-Thr-Asp-Leu) is important for 

regulating the secretion of MANF with removal of the terminal four amino acids leading 

to increased MANF secretion (91). An examination of green fluorescent protein (GFP) 

constructs revealed that the carboxy-terminal sequence of MANF (RTDL) was necessary 

for ER localization of GFP and secretion of the protein in response to ER stress 

regardless of whether the rest of the MANF protein was present or not (92).  
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To more closely study the relationship between the C-terminus of MANF and ER 

calcium a new set of reporters was made using the luminescent protein Gaussia luciferase 

(GLuc). While GFP fluorescence is a powerful biological tool, it has a low signal-to-

noise ratio in cell culture media, long-term expression may be toxic to cells, and signal 

amplification is limited by a lack of enzymatic activity (93). GLuc is a small (19.9 kDa) 

protein that is naturally secreted and can be readily measured in cell culture media, blood, 

and urine following the addition of a substrate such as coelenterazine (94, 95). In 

accordance with a study citing the importance of the -5 and -6 amino acid positions in 

determining ER localization, the new GLuc reporter utilized the final seven amino acids 

of MANF (ASARTDL: Ala-Ser-Ala-Arg-Thr-Asp-Leu) (96). By appending ASARTDL 

to a GLuc protein with a MANF signal peptide our lab created a luminescent reporter 

protein that was localized to the ER lumen and secreted specifically in response to ER 

calcium depletion (97). This GLuc-ASARTDL construct was denoted a secreted ER 

calcium-modulated protein (SERCaMP) and was termed “GLuc-SERCaMP” (Figure 

1.2). Increases in extracellular GLuc-SERCaMP were observed following ER calcium 

depletion in vitro as well as in vivo and in both models the extracellular fluid (cell culture 

media and plasma, respectively) could be sampled over time to longitudinally monitor 

ER calcium depletion (97-99). An important distinction to note is that our SERCaMP 

reporter does not directly measure ER calcium stores, but rather acts as an indicator of 

ER calcium depletion whereby reductions in luminal ER calcium trigger the release of 

the reporter from the cell. Once in the extracellular space, the reporter can be easily 

monitored in cell culture media, plasma, cerebrospinal fluid, etc. 
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Figure 1.2: Schematic of GLuc-SERCaMP. GLuc with an ASARTDL carboxy-terminal modification 

(GLuc-SERCaMP) is localized to the ER lumen under normal ER calcium conditions (left). Upon depletion 

of ER calcium, GLuc-SERCaMP is secreted from the cell (right). Figure modified from an illustration 

produced by Susanne Bäck, Ph.D. 
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ER Resident Proteins 

While the C-terminus of MANF (ASARTDL) used to create the SERCaMP 

reporter is unique within the human proteome, there is a noted structural similarity 

between the terminal amino acids of MANF (RTDL: Arg-Thr-Asp-Leu) and the  

canonical ER retention sequence (KDEL: Lys-Asp-Glu-Leu) (Figure 1.3) (100). A study 

of ER localization motifs by Raykhel et al. indicated there are many putative ER 

retention sequences (ERS) beyond the canonical KDEL that may also function as 

retrieval motifs with the upstream amino acids (-5 through -7) contributing to the efficacy 

of retrieval (96, 100-104). These ERS-containing proteins include chaperones, protein 

disulfide isomerases (PDI), and prolyl peptidyl cis–trans isomerases (PPI) among many 

other protein types. 

Chaperones are important proteins both in times of ER homeostasis and ER stress. 

The normal functions of chaperones include assisting in protein folding, translocation, 

and degradation (105-107). Additionally, in times of stress, chaperones play a role in the 

unfolded protein response (UPR) as well as immune responses (108-110). PDIs catalyze 

the formation, isomerization, and reduction of disulfide bonds, promoting disulfide bonds 

that lead to correctly folded polypeptides while also reducing erroneous disulfide bonds 

(111). PPIs assist in changing the conformation of trans-proline residues into cis-proline 

residues which affects the rate and integrity of protein folding (112). Other types of ER 

resident proteins include trophic factors, transferases (e.g. glucosyltransferase, 

glucosamine transferase, galactosyltransferase), and esterases with each type of protein 

playing a role in cellular functioning. Additionally, some ER resident proteins also play a 

role in calcium buffering. These proteins bind calcium in the ER lumen keeping free  
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Figure 1.3: C-terminal amino acid structures. Primary structure of the four amino acids of KDEL (Lys-

Asp-Glu-Leu) and RTDL (Arg-Thr-Asp-Leu). 
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calcium concentration within the ER around 50-500 µM despite estimates that put 

luminal calcium concentrations around 2 mM (113, 114).  

Depletion of luminal ER calcium has been associated with decreased chaperone 

ability, the induction of cellular stress response pathways, and apoptosis suggesting a link 

between decreased ER calcium and aberrant ER resident protein activity (115). A study 

of four ER luminal proteins with a KDEL carboxy-terminal ER retention sequence (PDI, 

BiP, endoplasmin, and calreticulin) showed that these proteins were secreted following 

treatment with calcium ionophores indicating that KDEL-containing proteins in the ER 

lumen are sensitive to changes in calcium (116). It follows that changes in ER calcium 

may regulate ER resident protein localization and activity. Further, KDEL-containing 

proteins may not be the only ER resident proteins affected by decreased luminal ER 

calcium levels. As mentioned previously, GLuc-SERCaMP, a protein with an RTDL tail 

is also more highly secreted following ER calcium depletion and other ERS could 

function in a similar manner (97). As resident proteins of the ER lumen are needed carry 

out critical cellular functions the secretion of these proteins could be detrimental to cell 

health (117). 

 

KDEL Receptors 

Resident proteins of the ER are retained in the ER by virtue of having particular 

molecular characteristics. For soluble non-membrane bound proteins, a carboxy-terminal 

ER retention sequence (ERS) interacts with KDEL receptors in the Golgi membrane to 

retrieve proteins back to the ER lumen in a COPI-mediated manner (Figure 1.4) (101, 

118, 119). The classical secretory pathway involves the movement of proteins from the  
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Figure 1.4: KDEL receptors mediate the retrieval of ERS-containing proteins. (1) ERS containing 

proteins escape the ER. (2) KDEL receptors in the Golgi membrane recognize and bind to ERS-containing 

proteins. (3) ERS-containing proteins in COPI coated vesicles are transported from the Golgi to the ER. (4) 

The KDEL receptor-protein complex dissociates and releases the ER protein into the ER lumen. Figure 

modified from an illustration produced by Susanne Bäck, Ph.D. 
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ER to the Golgi and then to the cell surface or extracellular space. However, when ERS-

containing proteins are anterogradely transported from the ER to the Golgi, they interact 

with KDEL receptors in the membrane of the Golgi (101, 103). This interaction initiates 

COPI-mediated retrograde transport of the receptor-protein complex back to the ER 

(119). A recently resolved crystal structure of a chicken KDEL receptor confirms that 

KDEL receptors have seven transmembrane domains and suggests that transmembrane 

domains 6 and 7 play an important role in COPI retrieval (120). This study proposes that 

when a KDEL ligand binds to the KDEL receptor it induces a conformational change 

whereby transmembrane domains 6 and 7 move to create a new cytosolic-facing cavity. 

This structural change exposes residues that are similar to an ER-retrieval motif and these 

exposed residues along with the electrostatics of the new receptor conformation are 

thought to play a role in mediating the interactions between the KDEL receptor and the 

COPI complex (120).  

The family of mammalian KDEL receptors is composed of three closely related 

genes (KDELR1, KDELR2, and KDELR3) that encode for seven transmembrane domain 

proteins in the cis-Golgi (100, 121-124). The KDEL receptors are expressed in all 

mammalian tissues, albeit to different extents, and are highly homologous (125, 126). 

The presence of three different KDEL receptors with reportedly redundant properties 

may reflect the importance of these proteins for proper cellular functioning. In 

Drosophila a loss of function mutation in the sole KDEL receptor homologue leads to 

unviable larvae and defective retention of soluble ER resident proteins (102). While point 

mutations in mouse KDELR1 are not lethal, they are associated with lymphopenia, an 

overactive integrated stress response, and increased sensitivity to viral infections (127-
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129). Given that mammals have three KDEL receptor isoforms it is possible that the less 

severe phenotypes observed in mouse versus Drosophila is due to compensation by the 

remaining functional KDEL receptor isoforms. 

 Beyond their role in the retrieval of ER resident proteins back to the ER lumen, 

KDEL receptors also have other functions. For example, the yeast KDEL receptor 

homologue, ERD2, is important for cell growth and protein transport (130). Furthermore, 

KDEL receptors are thought to function similarly to G-protein-coupled receptors 

(GPCRs) and play a role in signaling cascades (131). Following ERS ligand binding, the 

KDEL receptor activates a G protein that leads to activation of Src family kinases. 

Activated Src family kinases can affect anterograde Golgi trafficking and extracellular 

matrix degradation (132-134). Additionally, KDEL receptors have a reported role in 

modulation of the ER stress response and the induction of autophagy via effects mediated 

by mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase 

(ERK) signaling (135, 136). Further, despite their usual presence in the Golgi, KDEL 

receptors can be found at the plasma membrane where they can interact with ERS-

containing proteins and perhaps even play a role in the intracellular trafficking of these 

proteins (92, 137-139).  

Given that the primary role for the KDEL receptors appears to be the retrograde 

transport of ER luminal proteins, the inability of KDEL receptors to perform this function 

would disrupt ER homeostasis and lead to increased ER stress. Towards this point a few 

studies have probed the connection between KDEL receptors and ER stress; however, the 

results have been conflicting. In plants and yeast, ER stress has been associated with an 

upregulation of KDEL receptors (140, 141). In mammals, one study showed an 
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upregulation of KDELR1 in ER stress conditions (136), but another study showed no 

change in either KDELR1 or KDELR2 (142). Additionally, transgenic mice expressing a 

mutated KDELR1 exhibit an increase in misfolded proteins as well as ER stress 

associated cardiomyopathy (143). As KDEL receptors play a key role in maintaining the 

ER localization of chaperones the connection between ER stress, such as that caused by 

ER calcium depletion, and KDEL receptors requires further study.  

 

Thesis Statement 

The endoplasmic reticulum (ER) is a complex and dynamic organelle that plays a 

critical role in carrying out cellular functions. Proper ER functioning depends on the 

maintenance of a steep calcium gradient. The inability of the ER to carry out normal 

organellar processes when luminal calcium levels are decreased may result from a loss of 

resident proteins. In Chapter 2, this dissertation will detail the identification of an exodus 

of proteins from the ER following ER calcium depletion and how the cell works to 

maintain the ER proteome by upregulating KDEL receptors. In Chapter 3, the enzymatic 

activity of normally ER resident carboxylesterases with a fluorogenic substrate will be 

used as an endogenous marker of ER calcium depletion and ER resident protein 

secretion. Chapter 4 will describe a high-throughput drug screen and the characterization 

of an FDA-approved drug as a modulator of ER resident protein secretion following 

pharmacologically and physiologically induced ER stress. The overarching goal of this 

dissertation is to describe the discovery of an ER stress-induced redistribution of the ER 

proteome into the extracellular space, examine this phenomenon in a relevant disease 

model of ischemia, and investigate strategies for restoring ER homeostasis. 
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Chapter 2: KDEL receptors are differentially regulated to maintain the ER 

proteome under calcium deficiency1 

 

INTRODUCTION 

The endoplasmic reticulum (ER) lumen is a site of essential cellular functions 

including lipid metabolism, calcium storage, and protein folding and trafficking (117). 

Luminal ER resident proteins execute these important cellular functions and are 

maintained within the ER under homeostatic conditions by carboxy-terminal ER retention 

sequences (ERS) that are proposed to interact with KDEL receptors (101, 144). KDEL 

receptors are located in the cis-Golgi and retrogradely transport ERS-containing proteins 

to the ER through COPI vesicle-mediated retrograde transport (101, 119). The 

mammalian genome encodes three closely related KDEL receptors: KDELR1 (121), 

KDELR2 (122, 123), and KDELR3 (100, 124). Thus far, no isoform-specific functions 

have been described, and although all three proteins are ubiquitously expressed 

(biogps.org) (145), the majority of KDEL receptor studies have focused solely on 

KDELR1. 

The importance of the ERS-KDEL receptor interaction is most apparent in 

organisms expressing only one KDEL receptor homologue. For example, yeast KDEL 

receptor homologue (ERD2) is essential for the retention of ER resident proteins, and loss 

of the receptor leads to growth defects, an accumulation of intracellular membranes and 

vesicles, and inhibition of the secretory pathway (130). In Drosophila, a loss-of-function 

                                                           
1 Trychta KA, Bäck S, Henderson MJ, Harvey BK. KDEL Receptors Are Differentially Regulated to 

Maintain the ER Proteome under Calcium Deficiency. Cell Reports. 2018;25(7):1829-40.e6. Epub 

2018/11/15. doi: 10.1016/j.celrep.2018.10.055. PubMed PMID: 30428351 
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mutation in the KDEL receptor homologue results in death at the larval stage (102). 

There is currently no knockout data for all three KDEL receptors in mammals, but in 

humans, the loss of an ERS on specific proteins has been linked to pathological 

conditions such as myeloproliferative disease (146, 147) and osteogenesis imperfecta 

(148). Interestingly, an increase in the secretion of some ERS-containing proteins has 

also been observed upon disruption of ER calcium homeostasis (92, 97, 116), suggesting 

a link between ER calcium and the cell’s ability to maintain ERS proteins in the ER 

lumen. However, no reported studies to date have examined the relationship between 

putative ERS (100), KDEL receptors, and ER calcium homeostasis in depth. 

Here we show that proteins with an ERS are indeed secreted from the cell 

specifically in response to ER calcium depletion. Our data suggest that this phenomenon 

is partly due to a saturation of the KDEL receptors, and a model is proposed in which 

selective KDEL receptors function as unfolded protein response (UPR) gene products 

that are differentially upregulated as an adaptive mechanism to counteract the efflux of 

ERS-containing proteins. This described phenomenon provides an avenue of exploration 

in diverse diseases linked to ER calcium depletion, such as diabetes, stroke, Alzheimer’s 

disease and cardiac diseases. 

 

RESULTS 

The ER retention of GLuc-ERS reporters is impaired by depletion of ER calcium 

To investigate the connection between ERS, ER calcium depletion, and protein 

secretion, we created a library of luminescent protein reporters based off our previously 

described Gaussia luciferase (GLuc) SERCaMP reporter (92, 97). A bioinformatic 
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analysis was previously performed to identify soluble proteins with a signal peptide and a 

putative ER localization motif defined as XX[DE][FLM] (100). Using similar criteria, we 

fused the last seven amino acids (96) of human proteins to the C-terminus of GLuc to 

create 94 constructs that comprise an ERS reporter library (Table A.1). 

Each construct with a putative ERS was introduced into the human neuroblastoma 

cell line, SH-SY5Y, and the ratio of extracellular/intracellular GLuc activity was used as 

the “secretion index” where a high ratio is highly secreted. The tails were sorted by 

secretion index from highly secreted to highly retained based on GLuc activity under 

basal conditions (Figure 2.1A, blue). To evaluate responsiveness to ER calcium 

depletion, GLuc activity was measured following 24 h treatment with thapsigargin (Tg), a 

selective inhibitor of the sarcoplasmic endoplasmic reticulum ATPase (SERCA) (149) 

(Figure 2.1A, pink). Most ERS motifs previously classified as ER localization signals 

(100) exhibited a basal secretion index of less than 10 and a ≥ 3-fold increase in GLuc 

secretion in response to Tg (Table A.1, Figure 2.1A). We used these criteria to define an 

ER retention sequence and 75/94 motifs exhibited this ERS (+) phenotype (Table A.1, 

Figure 2.1A). The remaining ERS tails showing high basal secretion and minimal 

responsiveness to Tg were considered ERS (-) tails. For ERS (+) tails, the increased 

extracellular GLuc activity observed following Tg treatment was accompanied by a 

decrease in intracellular levels of GLuc, suggesting GLuc was trafficked out of cells 

(Figure A.1A). Brefeldin A (BFA) blocked the Tg-induced secretion of ERS (+) reporters 

indicating that trafficking from the ER to Golgi is critical for ERS (+) secretion (Figure 

2.1C) (150). As expected, ERS (-) secretion was also inhibited by BFA treatment both in 

the presence and absence of Tg (Figure 2.1C, Figure A.1D). Additionally, the ryanodine  
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Figure 2.1: Characterizing the secretion of ER resident proteins with ER retention signals (ERS). 

Each number along the X-axis represents a GLuc-ERS reporter protein detailed in Table A.1. (A) Secretion 

of GLuc fusion proteins from transiently transfected SH-SY5Y cells under basal conditions (blue) and after 

200 nM Tg for 24 h (pink) (n=9). Overlap of the two groups is purple.  Secretion index refers to the ratio of 

extracellular to intracellular GLuc. (B) Sequence logo produced by WebLogo 3.4 for proteins designated as 

ERS (+). (C,D) Fold change in secretion of GLuc fusion protein from transiently transfected SH-SY5Y 

with (blue) or without (pink) (C) 500 nM brefeldin A (BFA) or (D) 50 μM dantrolene prior to an 8 h 

exposure to 200nM Tg (n=6 for dantrolene, n=12 for Tg). Reprinted with permission from Cell Reports 

(25), copyright 2018. 
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receptor (RyR) antagonist dantrolene, which stabilizes ER calcium following Tg 

treatment (151), broadly attenuated Tg-invoked ERS (+) secretion, but not ERS (-) 

secretion (Figure 2.1D). The secretion of ERS-containing proteins was specific to ER 

calcium depletion, as other ER stressors (tunicamycin and DTT) caused no change in 

ERS (+) secretion (Figure A.1B-C). Taken together, all constructs in the ERS library 

were secreted via the classical ER to Golgi secretory pathway and a majority responded 

to ER calcium depletion. 

A sequence logo derived from the ERS (+) tails graphically represents the amino 

acid frequency for C-terminal tails of proteins sensitive to ER calcium depletion (Figure 

2.1B). The logo predicted that KKKKDEL, a tail not present in a human protein, would 

be the most sensitive to Tg-induced ER calcium depletion, and, while our library did not 

include such a tail, we did observe that KKKHDEL exhibited the greatest fold change in 

secretion following Tg (Figure 2.1A, ERS #86). 

 

Endogenous ERS-containing proteins are secreted in response to ER calcium 

depletion 

We performed pathway analysis of the endogenous proteins corresponding to the 

ERS (+) tails from the reporter library using Ingenuity Pathway Analysis (IPA) software. 

The top two canonical pathways involving ERS (+) tails were the UPR and ER stress 

pathways (Figure A.2A). The two most significant functional groups represented by ERS 

(+) proteins were post-translational modification and protein folding (Figure A.2B). 

These data support that endogenous ERS-containing proteins play critical roles in cellular 

proteostasis. 
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We next examined the secretome of ER calcium depleted cells for the presence of 

endogenous proteins corresponding to the ERS (+) tails identified by our reporter library. 

SH-SY5Y cells were treated with vehicle, Tg, or Tg plus dantrolene, and secreted 

proteins were analyzed by mass spectrometry. Of the 1,805 proteins identified, twenty 

corresponded to ERS (+) proteins, nineteen of which were in the top 2% of proteins 

increased following Tg (Figure 2.2A). Of the nineteen, fifteen were significantly released 

following Tg treatment (relative to vehicle), and the remaining four exhibited the same 

trend (Figure 2.2B). An additional six proteins (GANAB isoforms 2 and 3, NRROS, 

SPTB, PRDX4, and C9orf78) that are known to interact with ERS (+) proteins were also 

in the top 2% (Figure 2.2A, green arrows) (152-155). Treatment with dantrolene 

attenuated the Tg-induced secretion of both ERS (+) proteins and their putative 

interacting proteins (Figure 2.2A-B). Only one ERS (-) proteins from our library, 

CNTN1, was identified and, as predicted, its extracellular expression was not affected by 

Tg (ERS #4 in Figure 2.1A, protein #1538 in Figure 2.2A). To corroborate our mass 

spectrometry findings, western blot analysis of a subset of endogenous ERS (+) proteins 

revealed a significant increase in GRP94, BiP, CALR, and MANF in the media following 

Tg treatment (Figure 2.2C-D). We also observed an increase in PDIA2 which was 

predicted from the reporter library but not detected by mass spectrometry (Figure 2.2C-

D). The intracellular levels of BiP and PDIA2 also increased (Figure 2.2C-D) consistent 

with previous reports that they are UPR genes upregulated by Tg (156). Together, these 

data demonstrate a phenomenon in which a departure of ER resident proteins from cells 

occurs in response to ER calcium depletion. 
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Figure 2.2: Endogenous ERS-containing proteins are secreted in response to calcium dysregulation. 

(A) Mass spectrometry identified 1805 proteins from SH-SY5Y cell culture media following treatment with 

200 nM Tg for 8 h (circles) or with 50 µM dantrolene pre-treatment for 30 min (triangles) (n=3). Peptides 

of putative endogenous ERS (+) proteins are identified in red. Green arrows indicate proteins known to 

interact with ERS (+) proteins. (B) Fold change in peptide fragments identified in Tg versus vehicle treated 

media for detectable ERS (+) proteins (n=3, unpaired two-tailed t-tests, *p<0.05, **p<0.01, ***p<0.001 for 

Tg versus vehicle; #p<0.05, ##p<0.01 for Tg versus Tg plus dantrolene). (C) Western blots of cell culture 

media and lysates for a selected set of putative endogenous ERS (+) proteins following treatment with 200 

nM Tg or vehicle for 8 h. (D) Densitometry analysis of western blots (n=3, unpaired two-tailed t-test, 

*p<0.05, **p<0.01, ***p<0.001). Reprinted with permission from Cell Reports (25), copyright 2018. 
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KDEL receptors identified as primary modulators of ERS secretion in response to 

ER calcium depletion 

The similarity of the identified putative ERS to the canonical ER retention 

sequence, KDEL, implies that KDEL receptors likely regulate GLuc-ERS  secretion 

(100). A high-throughput RNAi screen including over 20,000 genes identified KDELR1 

and KDELR2 in the top 0.1% of genes that when knocked down caused the largest 

increase in Tg-induced GLuc-ASARTDL secretion in SH-SY5Y cells, without affecting 

cell viability (Figure 2.3A). Validation of the RNAi screen confirmed that the siRNAs 

were KDEL receptor isoform-specific (Figure 2.3B), and that knockdown of KDELR1 

and KDELR2 led to a robust increase in GLuc-ASARTDL secretion both under basal 

conditions (pre-Tg) and following Tg treatment (post-Tg; Figure 2.3C), with the increase 

in secretion being highly dependent on the degree of KDEL receptor knockdown (Figure 

2.3D-F). The lack of a significant effect of KDELR3 knockdown on the secretion of 

GLuc-ASARTDL may be due to the low basal expression of KDELR3 in SH-SY5Y cells 

(Figure A.3A). Based on the variation in relative expression of the three receptors 

between cell lines (Figure A.3A-D) and mammalian tissues (Figure A.3E-P), the effect of 

a knockdown of different isoforms is likely to result in different cell- or tissue-specific 

phenotypes. In contrast to knockdown, overexpression of KDELR1 and KDELR2 

attenuated GLuc-ASARTDL secretion following Tg treatment in a dose-dependent 

manner (Figure 2.3G). Importantly, neither knockdown nor overexpression of single 

KDEL receptors influenced general secretion as measured by extracellular levels of the 

constitutively secreted GLuc-Untagged which lacks an ERS (Figure 2.3H-I). 
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Figure 2.3: KDEL receptors regulate the secretion of GLuc-ASARTDL. (A) A human RNAi library 

was screened for effects of gene knockdown on Tg-induced GLuc-ASARTDL secretion. The plot shows 

the effect of each gene on cell viability versus Tg-induced GLuc-ASARTDL secretion compared to control 

siRNA for each gene in the library.  Positive hits are colored for the GLuc signal effect (maximal GLuc is 

green) and sized by seed-corrected Z score (maximum Z score is the largest sphere). (B) KDEL receptor 

mRNA levels estimated with real-time RT-qPCR in SH-SY5Y cells transfected with siRNAs specific for 

KDELR1, KDELR2, or KDELR3 (n=3, *p<0.05, ****p<0.0001 versus control siRNA, two-way ANOVA 

and Tukey’s test). (C) GLuc activity in media under normal conditions (pre-Tg), and after an 8 h incubation 

in 100 nM Tg (post-Tg) following RNA interference of the KDEL receptors in SH-SY5Y cells stably 

expressing GLuc-ASARTDL (n=9, ****p<0.0001 versus control siRNA, two-way ANOVA and Tukey’s 

multiple comparison test). (D-F) Correlation of extracellular GLuc activity with mRNA expression of (D) 

KDELR1, (E) KDELR2, and (F) KDELR3 following transfection with 5-20 nM siRNAs. (G) SH-SY5Y 

cells transiently transfected with GLuc-ASARTDL and transduced with lentiviral vectors expressing KDEL 

receptors at different MOIs were exposed to 200 nM Tg or vehicle for 24 h. Fold change in GLuc secretion 
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is indicated (n=6, one-way ANOVA, **p<0.01, ***p<0.001, ****p<0.0001 KDEL receptor versus 

control). (H) GLuc activity in the media from SH-SY5Y cells stably expressing GLuc-Untagged after 

transfection with KDEL receptor siRNAs (n=6). (I) SH-SY5Y cells overexpressing KDEL receptors at 

different MOI and transiently transfected with GLuc-Untagged were exposed to 200 nM Tg or vehicle for 

24 h. Fold change in GLuc secretion is indicated (n=6). Reprinted with permission from Cell Reports (25), 

copyright 2018. 
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We individually overexpressed the KDEL receptors (KDELR1, KDELR2, and 

KDELR3) together with the ERS tail library in SH-SY5Y cells, and each KDEL receptor 

isoform showed a distinct profile for inhibiting the release of GLuc-ERS variants (Figure 

A.4A-C). However, when ERS (+) tails are taken as a group, all KDEL receptors 

significantly attenuated Tg-induced secretion, an effect not seen with ERS (-) tails 

(Figure 2.4A). Additionally, KDELR1 and KDELR3 broadly attenuated Tg-induced 

responses compared to KDELR2, which appeared to affect a smaller subset of ERS (+) 

tails. 

Given our results with ERS reporter constructs and KDEL receptors, we proposed 

that KDEL receptors are capable of attenuating ER calcium-induced secretion of 

endogenous proteins. Indeed, overexpression of KDELR1 resulted in decreased 

extracellular levels of PDIA2 and MANF (Figure 2.4B-C), while KDEL receptor 

knockdown led to an increase in extracellular ERS (+) protein levels (Figure 2.4D). 

Taken together, these data support a model in which the localization of ER resident 

proteins depends both on ER calcium levels and the presence of KDEL receptors. 

 

KDELR2 and KDELR3, but not KDELR1, are upregulated by ER stress 

We next examined the influence of ER calcium depletion and ER stress on KDEL 

receptor expression as a possible adaptive response. Using four cell lines (SH-SY5Y, 

INS-1 832/13, HEK293, rat primary cortical neurons) with variable relative expression of 

the KDEL receptor isoforms at baseline (Figure A.3A-D), we observed an upregulation 

of KDELR2 and/or KDELR3 mRNA in response to Tg in all cell lines (Figure 2.5A-D). 

An increase in the expression of KDELR2 and KDELR3 was also observed in response  
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Figure 2.4: KDEL receptors regulate the secretion of ERS-containing proteins. (A) Average fold 

change in secretion of ERS (+) and ERS (-) constructs from transiently transfected SH-SY5Y cells 

overexpressing KDEL receptors following treatment with 200 nM Tg for 24 h (n=4, two-way ANOVA 

with Dunnett’s multiple comparisons test, p<0.0001 for ERS (+) versus ERS (-), ***p<0.001 and 

****p<0.0001 for control versus KDEL receptor). Each dot represents a unique GLuc-ERS. (B-C) Fold 

change in (B) immunoprecipitated PDIA2 (representative blot is shown to the right) or (C) MANF in media 

from SH-SY5Y cells overexpressing KDELR1 or control and treated with 200 nM Tg or vehicle for 24 h 

(n=9, **p<0.01, ####p<0.0001 Tg versus vehicle, ***p<0.001 KDELR1 Tg versus CTRL Tg). (C) 

Extracellular MANF levels in the media of SH-SY5Y cells transfected with KDEL receptor siRNAs (n=6, 

one-way ANOVA and Dunnett’s test, ***p<0.001 versus CTRL). Reprinted with permission from Cell 

Reports (25), copyright 2018. 
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Figure 2.5: KDEL receptor expression is induced by thapsigargin-induced ER stress. KDEL receptor 

mRNA levels were analyzed with real time RT-qPCR after 8 h treatment with vehicle (Veh) or 100 nM Tg 

in (A) SH-SY5Y cells, (B) INS-1 832/13 cells, (C) rat primary cortical neurons, or (D) HEK293 cells (n=8-

9). (E-H) BiP and ERdj4 expression in the same cells (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 Tg 

versus Veh treatment, two-way ANOVA and Tukey’s post-hoc test). Reprinted with permission from Cell 

Reports (25), copyright 2018. 
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to another chemical inducer of ER stress, the N-linked glycosylation-blocking agent 

tunicamycin (Figure A.5A-C). The more limited increase in KDEL receptor mRNA 

following tunicamycin treatment is probably caused by different ER stress onset times 

due to separate modes of action for Tg and tunicamycin. For example, Tg has been 

reported to cause a peak increase in spliced XBP1 in HeLa cells already at 4 h, while the 

peak is observed at 6 h with tunicamycin (157). 

To verify a Tg-induced activation of the UPR, the expression of two established 

UPR genes known to be activated by ATF6 and IRE1α/XBP1, BiP and ERdj4 (158, 159), 

were analyzed from the same samples (Figure 2.5E-H). Tg treatment resulted in 

upregulation of both BiP and ERdj4 in all cell lines studied, however, the relative 

increase in the expression of the two UPR genes differed among the cell lines. 

 

IRE1α/XBP1-induced upregulation of KDELR2 and KDELR3 affects ERS 

retention  

The observed upregulation of KDEL receptors during ER stress prompted us to 

examine the influence of UPR-related transcription factors on KDEL receptor expression. 

An explorative in silico analysis of transcription factor binding sites in the promoters of 

the three KDEL receptor genes using ConTra v2 (160) was performed.  Putative binding 

sites for XBP1 were identified in the promoters of KDELR2 and KDELR3 with 

cumulative scores (based on number of predicted binding sites, phylogenetic 

conservation, distance from transcription start site, proportion of conserved predicted 

binding sites, and information content of the predicting position weight matrix (161) of 

2.322 and 2.884, respectively, for a 1.5 kb region upstream of the transcriptional start site 

(Table A.2, upper table). As a comparison, the known XBP1-regulated gene ERdj4 had a 
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cumulative score of 0.588 for XBP1 binding, while the score for the KDELR1 promoter 

was 0.000. The scores for ATF6 and ATF4, two other UPR-linked transcription factors, 

were 0.000 for all four gene promoters. A visualization and list of putative XBP1 binding 

sites in the KDEL receptor genes are found in Figure 2.6A and Table A.2 (lower table). 

These data suggest that KDELR2 and KDEL3 are likely to respond to the transcription 

factor XBP1 but not KDELR1. 

We tested whether XBP1 was sufficient for the transcriptional activation of 

KDELR2 and KDELR3 using the previously described HEK293DAX cell line (159). This 

cell line expresses the ATF6 protein fused to a destabilizing domain from dihydrofolate 

reductase (ddDHFR), and a Tet-inducible gene for spliced XBP1. Induction of ATF6 

activity with 10 mM trimethoprim or XBP1 activity with 1 µg/mL doxycycline allowed 

for stress-independent activation of these two pathways and resulted in transcriptional 

activation of BiP or ERdj4, respectively (Figure 2.6B). Only doxycycline treatment 

increased KDELR2 and KDELR3 expression, indicating that the genes are responsive to 

XBP1, but not ATF6 (Figure 2.6C). The upregulation of KDELR2 and/or KDELR3 in 

response to XBP1 activity is consistent with the published transcriptional profiling of the 

HEK293DAX cells (159) and whole-genome array data from mouse fibroblasts (162). 

Applying doxycycline and trimethoprim to parental HEK293FT cells did not affect gene 

expression, suggesting that the upregulation was indeed a result of XBP1 pathway 

activation, and not an unspecific effect of the chemical inducers (Figure A.5D-E). 

To further examine the XBP1-inducible upregulation of KDELR2 and KDELR3, 

we used an inhibitor of IRE1α kinase activity, KIRA6, to inhibit ER stress-induced 

splicing of XBP1 (163). One-hour pretreatment with KIRA6 attenuated the Tg-induced  
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Figure 2.6: XBP1 upregulates KDEL receptor expression. (A) Schematic figure of putative binding sites 

for XBP1 in the KDEL receptor genes (arrows). (B-C) ATF6 and XBP1 activity was induced in 

HEK293DAX cells by a 16 h incubation in 10 mM trimethoprim (TMP) and/or 1 µg/mL doxycycline (DOX) 

and expression levels of (B) BiP and ERdj4, and (C) KDEL receptors were analyzed using real-time RT-

qPCR (n=8-9). (D) XBP1 splicing was inhibited by a 1 h pretreatment with 1 or 3 µM KIRA6, and changes 

in KDEL receptor expression were assessed after exposure of SH-SY5Y cells to 100 nM Tg for 8 h (n=6-

9). (E) Extracellular GLuc-ASARTDL from cells described in (D) (n=6).  All transcription results are 

shown as 2-ddCq (mean ± upper and lower limit) with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus 

control groups using two-way ANOVA followed by Tukey’s test. In (B-C): ##p<0.01, ####p<0.0001 as 

compared to TMP only, and %%p<0.01, %%%%p<0.0001 as compared to DOX only. In (D): 

####p<0.0001 as compared to 0 µM KIRA6/Tg, and %%p<0.01 as compared to 1 µM KIRA6/Tg. 

Reprinted with permission from Cell Reports (25), copyright 2018. 
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upregulation of KDELR2 and KDELR3 in a dose-dependent manner (Figure 2.6D), 

further supporting our observation that spliced XBP1 acts as a transcription factor for 

KDELR2 and KDELR3 during ER stress. We did not observe changes in KDEL receptor 

expression with KIRA6 treatment only, suggesting that XBP1 is not essential for basal 

KDEL receptor expression. Importantly, pretreatment of GLuc-ASARTDL stable SH-

SY5Y cells with increasing doses of KIRA6 resulted in a dose-dependent increase of 

luminescence in the media following Tg (Figure 2.6E), indicating that the inhibition of 

ER stress-induced KDEL receptor upregulation potentiated the release of GLuc-

ASARTDL. Since inhibition of KDELR3 upregulation with RNAi during ER stress did 

not affect secretion of GLuc-ASARTDL (Figure 2.3C, Figure A.5F), the effect of KIRA6 

treatment on ER stress-induced GLuc-ASARTDL secretion in SH-SY5Y cells is 

probably due to a failure of the cell to upregulate KDELR2. The KIRA6-induced increase 

in GLuc-ASARTDL secretion was further verified to be dependent of the ERS tail, since 

KIRA6 pretreatment did not affect the secretion of GLuc-Untagged (Figure A.5G). 

 

Stabilizing ER calcium attenuates ERS secretion and toxicity caused by oxygen-

glucose deprivation  

Oxygen-glucose deprivation (OGD) is an established in vitro model of ischemia 

and has been linked to ER stress and reductions in intracellular calcium stores (164, 165). 

We exposed SH-SY5Y cells stably expressing GLuc-ASARTDL to OGD and found a 

marked increase in GLuc-ASARTDL release (Figure 2.7B) and decrease in cell viability 

(Figure 2.7A, C; Figure A.6A). Treatment with dantrolene attenuated GLuc-ASARTDL 

release and improved cell viability following OGD (Fig 2.7A-C, Figure A.6A).  
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Figure 2.7: Dantrolene and KDEL receptor overexpression improve cell viability and decrease ER 

exodosis in an in vitro model of ischemia. (A-D) SH-SY5Y cells stably expressing GLuc-ASARTDL were 

exposed to 16 h of OGD followed by 24 h of normoxia with or without 30 µM dantrolene. (A) Representative 

images of treated cells. Scale bar indicates 100 µm. (B) Fold change in secretion of GLuc-ASARTDL (n=8, 

two-way ANOVA with Bonferroni’s multiple comparisons test, p<0.001 for overall OGD effect, 

****p<0.0001 vehicle versus dantrolene,). (C) ATP viability assay (n=8, two-way ANOVA with 

Bonferroni’s multiple comparisons test, p<0.001 for overall OGD effect, *p<0.05 vehicle versus dantrolene). 

(D) Densitometry analysis and representative blot of PDIA2 immunoprecipitated from cell culture media 

(n=6, two-way ANOVA with Tukey’s multiple comparisons test, ****p<0.0001, **p<0.01 normoxia versus 

OGD). (E) Fold change in secretion of GLuc fusion proteins exposed to 16 h of OGD followed by 24 h of 

normoxia with or without 30 µM dantrolene (n=6 for dantrolene, n=15 for OGD). (F-H) SH-SY5Y cells 
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overexpressing KDEL receptors and transiently transfected with GLuc-ASARTDL were exposed to 16 h of 

OGD followed by 24 h of normoxia. (F) Representative images of cells. Scale bar indicates 100 µm. (G) Fold 

change in secretion of GLuc-ASARTDL (n=13, two-way ANOVA with Sidak’s multiple comparisons test, 

p<0.001 for overall OGD effect, for control OGD versus KDEL receptor OGD ****p<0.0001, **p<0.01). 

(H) Viability ATP assay (n=13 wells, two-way ANOVA with Dunn’s multiple comparisons test, p<0.001 for 

overall OGD effect, **p<0.01 for control versus KDEL receptors). (I-J) SH-SY5Y overexpressing KDELR1 

or control exposed to 16 h of OGD followed by 24 h of normoxia. (I) PDIA2 immunoprecipitation of cell 

culture media quantified as fold change in extracellular PDIA2 (n=9, ****p<0.0001 normoxia versus OGD, 
####p<0.0001 KDELR1 OGD versus CTRL OGD). (J) Fold change in extracellular MANF (n=6, ####p<0.0001 

normoxia versus OGD, ***p<0.001 KDELR1 OGD versus CTRL OGD). Reprinted with permission from 

Cell Reports (25), copyright 2018. 
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Examination of PDIA2, an endogenous ERS-containing protein, found a significant 

increase in extracellular PDIA2 following OGD, an effect which was partially attenuated 

by treatment with dantrolene (Figure 2.7D). 

We expanded our analysis of OGD-induced secretion to our ERS reporter library 

and showed that ERS (-) tails exhibited minimal change in response to OGD whereas the 

release of ERS (+) tails was significantly elevated when compared to normoxia controls 

(Figure 2.7E). In addition, dantrolene attenuated the secretion of ERS (+) reporters, 

indicating that OGD-induced secretion depends on the levels of ER calcium. Dantrolene 

did not alter secretion of GLuc reporters under normoxic conditions (Figure A.6C). While 

the relative secretion profile of ERS (+) tails in response to OGD was of greater 

magnitude than the secretion profile from Tg, there was a positive correlation (linear 

regression, p<0.0001, R2=0.209) between OGD response and Tg response (Figure A.6B). 

Despite the robust increase in secretion of KDEL ligand already at 8 h post-OGD 

recovery (Figure A.6D), we detected a significant upregulation of only KDELR3 and not 

until 16 h later (Figure A.6E). The upregulation of KDELR3 correlated with a significant 

increase in mRNA levels of the IRE1α/XBP1-regulated UPR gene ERdj4 (Figure A.6F). 

Because of the relatively low basal KDELR3 expression in SH-SY5Y cells (Figure 

A.3A), the increase in endogenous KDELR3 likely has minimal effect on the secretion of 

GLuc-ASARTDL. We next examined whether ERS secretion caused by OGD could be 

altered by an increase in exogenous KDEL receptor expression and found that lentiviral-

mediated expression of each KDEL receptor isoform significantly reduced GLuc-

ASARTDL secretion (Figure 2.7G) and improved cell viability (Figure 2.7F, H) with 

KDELR3 being less effective at attenuating GLuc-ASARTDL release and causing no 
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improvement in viability. Overexpression of KDELR1 reduced extracellular levels 

PDIA2 and MANF following OGD (Figure 2.7I-J), suggesting that KDEL receptors can 

modulate the secretion of endogenous as well as exogenous proteins with an ERS. The 

data collectively support that KDEL receptor overexpression and dantrolene treatment 

reduce ERS secretion in pharmacological and physiological models of ER calcium 

depletion. 

 

DISCUSSION 

The concentration of calcium within the ER exceeds that of the cytosol, and 

maintenance of this gradient is important for sustaining proper ER functioning. We 

discovered that ERS-containing proteins are redistributed from the ER lumen to the 

extracellular space in response to pathophysiological conditions where ER calcium stores 

are depleted. We propose classifying the phenomenon of ERS-containing proteins 

leaving the cell as “ER exodosis,” where exodosis is defined as the departure of a resident 

protein from its organelle under pathophysiological conditions (exodos (Greek): “a final 

scene or departure in a play, especially a tragedy”). Our results show that cells upregulate 

KDELR2 and KDELR3 as part of the UPR, which counteracts exodosis (Figure 2.8). 

Importantly, we provide evidence that both stabilizing ER calcium and augmenting 

KDEL receptor expression can attenuate ER exodosis and improve cell  
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Figure 2.8: Schematic of ER exodosis. A mass departure of ER resident proteins occurs in response to ER 

calcium depletion. KDELR2 and KDELR3 are upregulated by ER calcium loss to counteract ER protein 

loss.  
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viability, suggesting that exodosis is a therapeutic target for diseases associated with ER 

calcium dysregulation. 

The library of GLuc reporters containing seven amino acid C-terminal ERS was 

built on the seminal work carried out by Raykhel et al. (100) that identified four amino 

acid sequences representing ER localization motifs. In addition to corroborating ER 

retention, we found 75 ERS corresponding to endogenous proteins with critical functions 

in ER homeostasis that were secreted in response to ER calcium depletion. The precise 

mechanism by which calcium levels within the ER mediate the retention of ERS proteins 

is not known. Several of the ERS proteins (e.g. BiP, GRP94, PDIA2, PDIA4, and 

calreticulin) bind calcium with low affinity and interact with both each other and 

misfolded proteins (114, 166, 167). A decrease in calcium concentration has been 

speculated to reduce their interactions and cause them to be secreted (167). Another 

hypothesis is that the ER environment, with its high concentration of proteins and 

calcium, promotes the formation of dynamic hydrogels that allows mobility of the 

luminal, calcium-interacting proteins, but limits their access to ER exit sites (168). A 

decrease in the calcium concentration would thereby change the luminal matrix, allowing 

ER resident proteins to escape and possibly overwhelm the KDEL retrieval pathway. 

While the mechanism that regulates ER exodosis is not fully understood, we 

provide evidence that the well-established KDEL retrieval pathway (101, 130) plays an 

adaptive, modulatory role in exodosis. Augmenting the expression of KDEL receptors 

attenuated ER exodosis supporting a model in which ERS protein efflux from the cell 

occurs as a result of saturation of endogenous KDEL receptors (169). Our data also 

support the KDEL retrieval pathway as part of an endogenous UPR mechanism against 
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exodosis and identify XBP1 as a regulator of the ER stress-induced expression of 

KDELR2 and KDELR3. The observed upregulation of KDELR2 and KDELR3, but not 

KDELR1 during ER stress suggests that the isoforms have previously unknown, distinct 

functions during stress conditions. We also observed differences in the KDEL receptors’ 

ability to alter secretion of GLuc-ERS reporters. The variable effects on different ERS 

tails, differential expression of KDEL receptors across tissues, as well as the differences 

in activity of each UPR pathway (170) likely creates cell-specific responses to exodosis.  

The departure of ER resident proteins provides mechanistic insight on ER calcium 

dysregulation associated with numerous disease states (171), including cellular apoptosis 

(172), inflammation (115), heart failure (173), and both acute (e.g. ischemia) and chronic 

(e.g. Alzheimer’s disease) neurological diseases (174, 175). An abnormal departure of 

some ER resident proteins has previously been reported following disruption of ER 

calcium homeostasis (92, 97, 116) and in several pathophysiological conditions where 

ER calcium dysregulation has been implicated (99, 176-178). In our current study, we 

show that dantrolene, a drug used clinically for malignant hyperthermia and central core 

disease, can reduce exodosis caused by Tg and OGD, providing further evidence that the 

retention and secretion of ERS proteins are calcium-dependent events. The prior clinical 

use of dantrolene also opens the possibility of examining ER calcium stabilization in 

other diseases where ER calcium dysregulation is implicated. 

Taken together, our findings describe a mechanism of cellular pathology linked to 

ER calcium depletion. Given the complex and diverse functions of ERS-containing 

proteins, their secretion is likely to have both positive and negative effects on cell 

viability. Exodosis of ER resident proteins has at least two potential negative 
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consequences to an affected cell. First, there is a loss of proteins involved in critical ER 

functions. Second, the relocation of such proteins outside of the cell may contribute to 

pathological changes to the extracellular environment and trigger inflammation. For 

example, both BiP/Grp78 and calreticulin are suggested to be involved in rheumatoid 

arthritis (RA) pathology (179-181). However, the release of ERS proteins in response to 

ER calcium depletion may also be advantageous and contribute to their physiological 

roles. For example, extracellular neuroserpin was recently shown to be a modulator of 

synaptic development and plasticity (182) and have a protective effect in OGD models 

(183). Similarly, MANF has been shown to have protective effects in models of ischemia 

(90, 184), Parkinson’s disease (185), and diabetes (186). Based on our observations with 

neuroserpin- and MANF-based ERS reporters, the secretion of these proteins is likely 

impacted by ER calcium. Thus, we suggest that studies on proteins with identified or 

putative ERS should take into consideration their regulation by ER calcium. In summary, 

we propose a model in which ER calcium depletion leads to 1) the secretion of resident 

ER luminal proteins containing an ERS and 2) the activation of KDEL receptor retrieval 

pathway to reduce the loss of ERS containing proteins. Future studies on interventions 

aimed at stabilizing ER-calcium or augmenting the KDEL receptor pathway may have 

therapeutic value in diseases characterized by ER calcium dysregulation and exodosis. 
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MATERIALS AND METHODS 

 

Reagents 

Thapsigargin (Sigma); Dantrolene (Sigma); Brefeldin A (Sigma); Tunicamycin (Sigma), 

Dithiothreitol (Sigma); SgrAI (New England Biolabs); AscI (New England Biolabs); 

Doxycycline (Sigma); Trimethoprim (Sigma); KIRA6 (Cayman Chemicals);  

 

Animal studies 

Rat tissue (brain, liver, heart, kidney) was collected from adult Long-Evans rats (three 

females, three males) housed in 12 h light/dark cycle. Primary cortex samples were 

collected from Sprague-Dawley E15 rat embryos (three different litters, three samples per 

litter). All animal procedures were reviewed and approved by the National Institute on 

Drug Abuse Animal Care and Use Committee. 

 

Cell Lines 

SH-SY5Y 

Human neuroblastoma cells were maintained in Dulbecco's Modified Eagle Medium 

(DMEM + GlutaMAX, 4.5 g/L D-glucose, 110 mg/L sodium pyruvate; Thermo Fisher 

Scientific, Waltham, MA) supplemented with 10 units/mL penicillin, 10 µg/mL 

streptomycin (Thermo Fisher Scientific), and 10% bovine growth serum (BGS; GE Life 

Sciences). Cells were grown at 37°C with 5.5% CO2 in a humidified incubator.  
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HEK293, HEK293FT, HEK293DAX 

Embryonic kidney cells were maintained in Dulbecco's Modified Eagle Medium (DMEM 

+ GlutaMAX, 4.5 g/L D-glucose, 110 mg/L sodium pyruvate; Thermo Fisher Scientific, 

Waltham, MA) supplemented with 10 units/mL penicillin, 10 µg/mL streptomycin 

(Thermo Fisher Scientific). For HEK293 cells (a gift from Dr. Xiao Xiao) media 

contained 5% bovine growth serum (BGS; GE Life Sciences). For HEK293FT and 

HEK293DAX cells media contained 10% fetal bovine serum (FBS; Sigma, St. Louis, MO). 

Cells were grown at 37°C with 5.5% CO2 in a humidified incubator. The HEK293DAX 

cells were a generous gift from Dr. Matt Shoulders  at MIT (187). 

 

INS-1 832/13 

Rat insulinoma cell line INS-1 832/13 (a gift was maintained at 37°C with 5.5% carbon 

dioxide in RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS, 

10 units/mL penicillin, 10 µg/mL streptomycin, 10 mM HEPES, 2 mM L-glutamine, 1 

mM sodium pyruvate, and 0.05 mM 2-mercaptoethanol.  Cells were generously provided 

by Dr. Christopher Newgard, Duke University). 

 

Rat Primary Cortical Neurons 

Rat primary cortical neurons were isolated from Sprague-Dawley rats on embryonal day 

15 (E15) as previously described (188). Cultures are comprised of embryos of both sexes 

to obtain adequate cell numbers for experiments.  Cells were maintained on PEI-coated 

24-well plates in neurobasal media (Thermo Fisher Scientific) supplemented with 2% 

FBS, 2% B-27 (Thermo Fisher Scientific) and 0.5 mM L-glutamine (Sigma) at 37°C with 
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5.5% carbon dioxide. A 50% media exchange was done every fortnight. Treatments were 

applied to the cells at 13 days in vitro (DIV13) as a 50% media exchange. 

 

ER retention sequence plasmid construction 

ERS tails were cloned into a pLenti6.3-CMV-MANF sigpep-GLuc-MCS plasmid. The 

coding region of GLuc was amplified from a previously described GLuc reporter with a 

MANF signal peptide. This region was then cloned into the BamHI and MluI sites of a 

pLenti6.3-V5-DEST plasmid to create a pLenti6.3-CMV-MANF sigpep-GLuc-MCS 

plasmid. This plasmid was then linearized using SgrAI and AscI enzymes to create 

complementary “sticky ends” for ligating annealed oligonucleotide duplexes to create in-

frame ERS tails. Custom forward and reverse oligonucleotides coding for each specific 

seven amino carboxy-terminal tails were synthesized (Integrated DNA Technologies, 

Coralville, IA) and annealed to form an oligonucleotide duplex by denaturing at 95°C for 

10 min and cooling to room temperature (25°C) for 1-1.25 h. The oligonucleotides used 

can be found in Table A.3. The oligonucleotide duplexes were ligated using Ligate-IT 

(Affymetrix) in a 10 µL reaction consisting of 20 ng of SgrAI/AscI digested vector, 0.5 

µL of Ligate-IT, and duplexes at a final concentration of 10 µM. Immediately following 

ligation, DNA was transformed and propagated in Stbl3 recombination deficient cells 

cultured at 30°C (Life Technologies). The resulting DNA plasmids encoding each ERS 

tail fused to GLuc with a MANF signal peptide were sequence verified for proper ligation 

of the tail. 
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Transfections 

Plasmid transfection 

For reverse transfections, 5 x 104 SH-SY5Y cells in 90 µL of growth media containing no 

antibiotics were plated in opaque 96-well plates containing 0.06 µL Xfect (Takara, 

Mountain View, CA) and 200 ng plasmid DNA per well. After 28-29h, a full media 

exchange into growth media containing 1.5% BGS was performed. Drug treatments (e.g. 

Tg) began 16-17 h after the media exchange and typically lasted for 8 h or 24 h. For pre-

treatments (e.g. dantrolene, brefeldin A), drugs were added 30 min prior to Tg. At the end 

of each experiment, media was removed from the wells and cells were lysed in 75 µL of 

50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP40, and protease inhibitors (Sigma) directly 

in the plate and used for luciferase assay.  

 

siRNA transfection 

Using Lipofectamine RNAiMax (Thermo Fisher Scientific), SH-SY5Y cells were reverse 

transfected with 5-20 nM siRNAs specific for the KDEL receptors (Silencer Select®, 

assay #548 (KDELR1), #21689 (KDELR2), #21690 (KDELR3), Thermo Fisher 

Scientific). Media was changed 48 h after transfection, and treatment assays were 

performed 64-72 h after the transfection. 

 

Lentivirus 

Lentiviral vectors expressing Myc-FLAG tagged KDEL receptors 1, 2 and 3 were 

previously described and titered using the Lenti-X p24 rapid titer kit (Takara) (92). SH-

SY5Y were transduced at the indicated multiplicity of infection (MOI), incubated for 48 
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h, and then re-plated for reverse transfections with the ERS library as described above. 

Following dose response experiments, a MOI of 2 was used for all further experiments. 

 

Gaussia luciferase secretion assay 

Luciferase levels in 5 µL culture medium or 75 µL cell lysate (cells lysed in 50 mM Tris 

(pH 7.4), 150 mM NaCl, 1% NP40, protease inhibitors (Sigma) were determined using a 

plate reader with an injector setup (BioTek Synergy II, Winooski, VT) at 25°C with a 

sensitivity of 100 and a 0.5 s integration time with a 5 s delay following injection of 100 

µL of 10 µM coelenterazine (Regis Technologies, Morten Grove, IL) as previously 

described (98). 

 

Mass spectrometry 

SH-SY5Y cells (2.3 x 107) were plated in a 15 cm dish. At 28 h, a full media 

exchange was done into 1.5% BGS media and 16 h later, media was removed, and cells 

were rinsed with PBS and mass spectrometry assay media (150 mM NaCl, 5 mM KCl, 1 

mM MgCl2, 20 mM HEPES, 1 mM CaCl2, and 1.9 g/L glucose). Drugs were added via 

full media exchanges into mass spectrometry assay media. After 8 h, 20 mL of media was 

collected and centrifuged at 1000xg for 5 min. 15 mL of supernatant was concentrated 

using 10,000MW cutoff concentrator tubes (Millipore, Burlington, MA) by centrifuging 

at 4000xg for 40 min at 4°C. Briefly, 10 µg of protein was analyzed by tandem mass tag 

(TMT) labeling, basic reverse phase (bRP) fractionation, and liquid chromatography 

tandem mass spectrometry (LC-MSMS) analysis. Detailed methods follow. 
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The pH of supernatants containing 10 µg protein in mass spectrometry assay 

media (pH 7.5) was adjusted to pH 8 by adding 10 µL of 500 mM TEAB (triethyl 

ammonium bicarbonate). Proteins were reduced by adding 1 µL of 50 mM TCEP (tris(2-

carboxyethyl) phosphine) at 60°C for 1 h, and, after cooling to room temperature, 

alkylated by adding 0.5 µL 200 mM MMTS (methyl methanethiosulfonate) in 

isopropanol for 15 min at room temperature. Reduced and alkylated proteins were 

digested overnight at 37°C by adding 0.55 µg of a 27 ng/µL Trypsin/LysC mixture 

(V5071, Promega, Madison, WT) in 200 mM TEAB. TEAB (35 µL of 200 mM) was 

added to each protein digest prior to labeling the peptides with a unique TMT 10-plex 

reagent according to the manufacturer’s protocol. The nine TMT-labeled peptide samples 

were mixed, and, after the organic phase was evaporated, excess TMT reagents were 

removed using Pierce Detergent Removal Spin columns (125 µL, #87776, Thermo Fisher 

Scientific) and the combined TMT sample was fractionated by basic reverse phase (bRP) 

chromatography on Oasis HLB uElution plates (Waters, Milford, MA). TMT-labeled 

peptides were bound to HLB resin in 10 mM TEAB buffer, step-eluted with 15%, 25% 

and 75% acetonitrile in 10 mM TEAB and dried by vacuum centrifugation. 

Approximately 1 µg of each fraction (calculated based on the original amount of total 

protein) was analyzed by liquid chromatography interfaced with tandem mass 

spectrometry (LCMSMS) using a Nano-Acquits HPLC system (Waters) interfaced with a 

QExactive HF (Thermo Fisher Scientific). Peptides were loaded onto a C18 trap (S-10 

µM, 120Å, 75 µm x 2 cm, YMC, Japan) for 5 min at 5 mL/min in 2% acetonitrile/0.1% 

formic acid in-line with a 75 µm x 150 mm ProntoSIL-120-5-C18 H column (5 µm, 

120Å (BISCHOFF Chromatography, Leonberg, Germany). Peptides eluting during the 
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2%-90% acetonitrile in 0.1% formic acid gradient over 90 min at 300 nL/min were 

directly sprayed into a QExactive HF mass spectrometer through 1 µm emitter tip (New 

Objective, Woburn, MA) at 2.0 kV. Survey scans (full ms) were acquired from 350-1700 

m/z with data dependent monitoring of up to 15 peptide masses (precursor ions), each 

individually isolated in a 1.0 Da window and fragmented using HCD activation collision 

energy at 32 and 30 seconds dynamic exclusion. Precursor and fragment ions were 

analyzed at resolutions 120,000 and 60,000, respectively, and automatic gain control 

(AGC) target values at 3e5 with 50 ms maximum injection time (IT) and 1e5 with 200 ms 

maximum IT, respectively. 

Isotopically resolved masses in precursor (MS) and fragmentation (MS/MS) 

spectra were extracted from raw MS data without deconvolution and with deconvolution 

using Xtract or MS2 Processor in Proteome Discoverer (PD) software (v1.4, Thermo 

Fisher Scientific). All extracted data were searched using Mascot (2.5.1; Matrix Science, 

Boston, MA) against the 2015RefSeq_72r_human protein database with the added 

enzymes and BSA, using the following criteria: sample’s species; trypsin as the enzyme, 

allowing two missed cleavage; cysteine methanethiosulfenylation and TMT 10-plex on 

N-terminus as fixed modifications; methionine oxidation, asparagine and glutamine 

deamidation and TMT 6plex on lysine as variable modifications. Peptide identifications 

from Mascot searches were filtered at 1% False Discovery Rate (FDR) confidence 

threshold, based on a concatenated decoy database search, using the Proteome 

Discoverer. Proteome Discoverer uses TMT reporter ions for quantification only from the 

peptide identifications with the highest Mascot score from the three different extraction 
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methods of the same peptide matched spectrum (PSM). Protein quantification is based on 

the normalized median ratio of all spectra of tagged peptides from the same protein (189). 

 

Western blot analysis 

Equal amounts of total protein from concentrated media or lysates (cells lysed in 50 mM 

Tris-HCl (pH 7.4), 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1% NP-

40, protease inhibitors) were separated on 4-12% Bis-Tris NuPage gels (Thermo Fisher 

Scientific) using MOPS SDS running buffer (Thermo Fisher Scientific). Proteins were 

transferred to 0.20 µm PVDF (Thermo Fisher Scientific) membranes and immunoblotted 

with the following antibodies: rabbit anti-BiP (Cell Signaling, Cat. 3177S); rabbit anti-

calreticulin (Cell Signaling, Cat. 2891S); rabbit anti-MANF (custom produced by 

YenZyme) (92); rabbit anti-Grp94 (Cell Signaling, Cat. 2104S); mouse anti-PDI [RL90] 

(Abcam, Cat. 2792); goat anti-rabbit IR800 (Rockland, Cat. 611-132-122); goat anti-

mouse IR700 (Rockland, Cat. 610-130-121). Blots were scanned using an Odyssey 

scanner (LI-COR Biosciences, Lincoln, NE). 

 

Gene expression analysis 

Animal tissue collection 

Rats were deeply anesthetized with isoflurane and intracardially perfused with 

heparinized saline for 4 min after which the organs were quickly removed. Rat brains and 

samples from the liver (superior right lobe), heart (left ventricle), and kidney were 

immediately frozen in ice-cold isopentane. Dissection of the rat prefrontal cortex, 

striatum, midbrain, hippocampus and cerebellum was done in a freezing microtome. 
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Primary cortex was collected from Sprague-Dawley E15 rat embryos and immediately 

frozen on dry ice. 

 

Real time qPCR 

Total RNA was isolated from cells using NucleoSpin RNA kit (Takara) or from rat tissue 

using RNeasy Lipid Tissue Mini kit including an on-column DNA digest (Qiazol). Using 

the iScript cDNA Synthesis Kit (Bio-Rad), 0.5 µg of the RNA samples was transcribed 

into cDNA in a 20 µL reaction mix and diluted 1:20 with DNase-free water. 5.0 µl of the 

cDNA samples were applied as duplicates in a 20 µl reaction mix consisting of TaqMan 

Universal PCR Master Mix (Thermo Fisher Scientific), 450 nM primers and 100 nM 

probe. Real time qPCR was performed with C1000 Thermal Cycler CFX96 Real-Time 

System (Bio-Rad) with 50 amplification repeats (94°C for 20 s, 60°C or 63°C (rat KDEL 

receptors) for 1 min). All Cq values were normalized to the geometric mean of the Cq for 

the reference genes ubiquitin-conjugating enzyme 2i (Ube2i) and RNA polymerase II 

(PRNAII). 

 

Primers and probes 

Probes for KDEL receptors and markers of ER stress signaling activation were labelled 

with FAM/BHQ1, and probes for reference genes with HEX/BHQ1. KDELR3 

oligonucleotides were designed to recognize both KDELR3 isoforms (3a and 3b). KDEL 

receptor primer and probe efficiency was confirmed by applying a DNA standard curve 

consisting of five-log dilutions of KDEL receptor DNA (50 to 500,000 copy numbers). 

Delta Cq (KDEL receptors versus reference genes) remained constant over a three-log 
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dilution of cDNA sample (slopes between -0.1 and +0.1). To exclude isoform cross-

reactivity, 500,000 copy numbers of each isoform DNA (plasmid DNA for human, and 

gene fragments (gBlocks, Integrated DNA Technologies) for rat KDEL receptors) were 

applied to the PCR reaction mixes. No-template controls (NTC) and no-reverse 

transcriptase controls (NRT) were used to control for contamination. The nucleotide 

sequences for all primers and probes can be found in Table A.4. 

 

Oxygen glucose deprivation (OGD) 

Cells were reverse transfected on 96-well plates 48 h prior to the start of the OGD 

procedure. The OGD media (culture media without glucose) was deoxygenated by 

bubbling a gas mixture containing 5% CO2, 10% hydrogen, and 85% nitrogen into the 

media for 15 min (Goldberg and Choi, 1993). Every plate underwent a full media 

exchange into standard culture media (normoxia control) or OGD media with or without 

treatments (30 µM dantrolene or vehicle). OGD plates were placed into hypoxia 

chambers (Billups-Rothenberg, Del Mar, CA) deoxygenated for 10 min with the gas 

mixture above and placed in a 37C incubator. After 16 h of OGD, cells were removed 

from the hypoxia chambers, media was replaced with glucose-containing growth media 

(media was also exchanged in normoxia controls) and returned to the incubator for a 

further 24 h before collection of samples. 

 

Immunoprecipitation (IP) 

IP was performed with magnetic Protein A beads (SureBeads, Bio-Rad) following 

centrifugation of samples at 4°C for 5 min at 1000x g. Beads were washed with PBS + 
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0.1% Tween, then incubated with antibodies 1:100 for 10 min. After washing, beads were 

incubated with 400 µL cell culture media for 1 h. A final wash was followed by elution 

with 40 µL of 1x LDS (Thermo Fisher Scientific). 

 

MANF Homogenous Time Resolved Fluorescence assay 

The concentration of MANF was determined on media samples diluted 1:2 in dilution 

buffer using a MANF HTRF assay (Cisbio, Codolet, France) according to the 

manufacturer’s instructions. 

 

Cell viability 

Cell viability assays were performed with the Promega CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay (MTS assay) and Promega CellTiter-Glo Luminescent 

Cell Viability Assay (ATP assay) per the manufacturer’s protocol. 

 

Bioinformatic analyses 

WebLogo3.4 

WebLogo3.4 (http://weblogo.threeplusone.com) was used to create a sequence logo 

representing the amino acid alignment associated with Tg responsiveness. For the 

sequence logo, the amino acids of ERS (+) tails were weighted based on the tail’s 

response to Tg (fold change in secretion index relative to vehicle) and entered WebLogo. 

The height of each symbol within the column represents the probability of each amino 

acid at that position. No information regarding interactions between the different amino 

acid positions is conveyed. 
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Ingenuity IPA 

Ingenuity IPA version: 33559992 was used to group the 76 proteins with ERS (+) tails. 

Of the 76 proteins analyzed using Ingenuity IPA, one (CES hBr2, UniProt Q8TDZ9) was 

not recognized and therefore not present in the data set. For the canonical pathways 

analysis, the -log p-value was calculated by Fisher’s exact test right-tailed and only those 

pathways with p<0.05 are shown. For the functional classification, the disease and 

biofunction option was chosen to look at downstream effects of the proteins of interest. 

Z-score algorithm was used to make predictions and a threshold p value of 0.05 was used 

(as calculated by Fisher’s exact test right tailed). 

 

ConTra v2 

Potential transcription factor binding sites within 1.5 kb upstream from the transcriptional 

start site for human KDELR1 (NM_00681), KDELR2 (NM_006854), KDELR3 

(NM_006855), and ERdj4 (NM012328) were explored using ConTra v2 using the 

TRANSFAC position weight matrix library with stringency criteria set to 0.90 (core 

matrix) and 0.75 (similarity matrix). For visualization of putative XBP1 binding sites the 

entire gene sequences including a 1.5-kb region upstream from the transcriptional start 

site were screened using following TRANSFAC position weight matrices: F$XBP_Q2, 

F$XBP_01, V$XBP_01 and V$XBP1_02. 

 

Quantification and Statistical Analyses 

Results were analyzed using GraphPad Prism 7, with details about tests used found in the 

figure legends.  For cell culture experiments, multiple wells of multi-welled plates were 
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used in varied positions within the plates, and all results have been reproduced in ≥ 2 

independent experiments. Cell culture plates were randomly chosen for OGD vs 

normoxia or drug treatment studies, but the investigator was not blinded for the 

treatments. Statistical data were analyzed using two-tailed Student’s t-tests, One-way 

ANOVA with multiple comparison’s test (Tukey’s, Dunn’s, Dunnett’s, Holm-Sidak’s), 

Two-way ANOVA with multiple comparison’s test (Bonferroni’s, Sidak’s, Dunn’s, 

Tukey’s, Dunnett’s). Data are represented as means ± standard error of the mean (SEM) 

with error bars representing SEM unless otherwise indicated. For expression data, results 

are presented as mean for 2-ddCq, with error bars showing the upper and lower limits 

calculated using the standard deviation (SD) for delta Cq values. Statistical testing of 

qPCR data was done using delta Cq values. Sample sizes and significance are shown in 

corresponding figure legends or stated in the results section. 
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Chapter 3: Extracellular esterase activity as an indicator of  

endoplasmic reticulum calcium depletion1

 

 

INTRODUCTION 

Calcium levels in the endoplasmic reticulum (ER) lumen are over one thousand 

times higher than in the cytosol. Maintaining a steep calcium gradient is critical for cell 

signaling, drug detoxification, and protein synthesis. ER calcium depletion is implicated 

in numerous pathologies including cardiovascular disease, diabetes, and cancer (190).  

Although changes in ER calcium may be a contributing pathological mechanism to 

disease or occur as a symptom of disease, our limited ability to monitor ER calcium 

prevents further advancements in our understanding of the role of ER calcium in this 

regard. 

In cell culture models, calcium sensitive dyes, fluorescent calcium indicators, and 

genetically encoded calcium indicators have been used to assess ER calcium levels (191, 

192). However, these techniques are restricted to acute measurements and are not readily 

applicable to longitudinally monitoring ER calcium. We previously developed a Gaussia 

luciferase (GLuc) based calcium reporter as an alternative method to monitor ER calcium 

depletion (97, 98). This reporter, GLuc-ASARTDL, utilizes the seven terminal amino 

acids of mesencephalic astrocyte derived neurotrophic factor (MANF) appended to GLuc 

to localize the reporter to the ER lumen and cause its release in response to decreased 

                                                           
1 Trychta KA, Heathward EJ, Sulima A, Bäck S, Farokhnia M, Richie CT, Leggio L, Rice KC, Harvey BK. 

Extracellular esterase activity as an indicator of endoplasmic reticulum calcium depletion. Biomarkers. 

2018;23(8):756-65. Epub 2018/08/11. doi: 10.1080/1354750X.2018.1490968. PubMed PMID: 30095301; 

PMCID: PMC6348867 
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luminal ER calcium. While GLuc-ASARTDL offers a method of assessing ER calcium 

depletion over time, limitations arise when adapting GLuc-ASARTDL assays for in vivo 

use because of the need to employ transgenic techniques to provide the reporter.  

The seven amino acid C-terminal tail of MANF, ASARTDL, is structurally and 

functionally similar to the canonical ER retention signal KDEL. Previous studies found 

that other permutations to the KDEL signal can act as ER retention motifs as well (100, 

144). Given that ER calcium depletion triggers the release of GLuc-ASARTDL from the 

ER, it is plausible that an endogenous ER resident protein with a similar C-terminal tail 

could be secreted in response to ER calcium depletion and measured in extracellular 

fluid. Our goal was to identify an endogenous ER resident protein with a KDEL-like 

carboxy terminal tail that is secreted in response to ER calcium depletion and can be 

measured in vitro and in vivo without introducing foreign agents into cells or animals. 

The present study proposes that carboxylesterases can be used as a putative endogenous 

biomarker of ER calcium depletion. Based on a selective esterase-fluorescein diester pair 

identified by Tian et al. (2012), we developed a fluorescent based assay to measure 

esterase activity in vitro and in vivo and monitor changes in ER calcium homeostasis.  

 

RESULTS 

Esterase-fluorescein diester assay 

 We sought to identify a secreted endogenous protein with an ER localization 

sequence and an enzymatic activity that could be exploited as a robust and sensitive 

reporter of ER calcium dysregulation like our previously described GLuc-SERCaMP 

reporter (97). In examining the proteome for proteins with KDEL-like carboxy terminal 
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tails, we found several esterases with the properties outlined above. We focused on 

carboxylesterases because of their known ability to hydrolyze a variety of esters, amides, 

and carbamates. A specific carboxylesterase-substrate interaction was previously 

described for porcine liver esterase (PLE) with a fluorescein-di-(1-

methylcyclopropanecarboxymethyl ether) (fluorescein-CM2) substrate (193). Esterase 

activity on fluorescein-CM2 cleaves α-cyclopropyl ester linkage, followed by rapid, 

spontaneous release of formaldehyde and the phenolic fluorophore (193, 194).  PLE has a 

KDEL-like C-terminus (KIKHAEL), which is similar in structure to the human esterases 

CES1 (C-terminal QTEHIEL) and CES2 (C-terminal EERHTEL; Figure 3.1). A 

boxshade plot comparing PLE to human CES1, and CES2 reveals that PLE is most 

similar in sequence to CES1 (Figure A.7). Based on previous work (193), we developed a 

plate reader assay to measure esterase activity and demonstrated that medium from SH-

SY5Y cells transfected with PLE exhibited increased fluorescence compared to control 

transfected cells (Figure 3.2A). To optimize assay conditions, media from SH-SY5Y cells 

transfected with PLE was collected and tested at various pH, substrate concentrations, 

and temperatures (Figure 3.2B-D). Additionally, esterase activity was observed to be 

linear over four orders of magnitude (Figure 3.2E). Based on these studies, we selected 

assay conditions of 100 µM fluorescein-CM2 substrate (pH 5.0, 45°C) and a sample 

volume ranging from 20 µL to 75 µL. Small molecule inhibitors of esterases were used to 

characterize the esterase signal attributable to PLE. The fluorescent signal was abolished 

in collected medium treated with the general carboxylesterase inhibitors 4-Nitrophenyl 

phenylphosphonate (BNPP) or benzil (Figure 3.2F) (195). Treatment with troglitazone 

(CES1 inhibitor) (196) and loperamide (CES2 inhibitor) (195) also diminished the   
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Figure 3.1: KDEL-like carboxy-terminal tails of PLE, CES1 and CES2. Primary structure of the 

terminal seven amino acids of PLE, CES1, and CES2. Reprinted with permission from Biomarkers (23), 

copyright 2018. 
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Figure 3.2: PLE can be detected using a fluorescein diester substrate. (A) Fluorescence observed in 

unconditioned esterase assay medium and medium collected from SH-SY5Y cells transiently transfected 

with a control or PLE vector (mean ± SD, n=3). (B) Extracellular fluorescence of media from SH-SY5Y 

cells transiently transfected with PLE following the addition of 100uM of fluorescein-CM2 substrate at 

various pH to medium at 45°C (mean ± SD, n=4, one-way ANOVA with Tukey’s multiple comparisons 

test, *p<0.05, **p<0.01). (C) Extracellular fluorescence from SH-SY5Y cells transiently transfected with 

PLE following the addition of 100uM of pH 5.0 fluorescein-CM2 substrate to medium at various 

temperatures (mean ± SD, n=4, one-way ANOVA for pH 3-8.5 with Tukey’s multiple comparisons test, 

*p<0.05, ***p<0.001, ****p<0.0001). (D) Extracellular fluorescence from SH-SY5Y cells transiently 

transfected with PLE following the addition of various concentrations of pH 5.0 fluorescein-CM2 substrate 

to medium at 45°C (mean ± SD, n=4, one-way ANOVA with Tukey’s multiple comparisons test, *p<0.05). 

(E) Fluorescence of 100 µL sample containing various volumes of medium from SH-SY5Y cells transiently 

transfected with PLE (mean ± SD, n=4). (F) Extracellular fluorescence from SH-SY5Y cells transiently 

transfected with PLE and incubated for 30 min with carboxylesterase inhibitors (mean ± SD, n=3). (G) 

Fluorescence in medium following 30 min incubation with carboxylesterase inhibitors (mean ± SD, n=3). 

Reprinted with permission from Biomarkers (23), copyright 2018. 
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fluorescent signal (Figure 3.2F). None of the inhibitors used exhibited fluorescence above 

background when measured alone (Figure 3.2G).  

 

ER calcium depletion increases esterase activity 

Thapsigargin (Tg) pharmacologically depletes ER calcium by inhibiting the 

sarcoplasmic endoplasmic reticulum calcium ATPase (SERCA) (197). Our SH-SY5Y 

neuroblastoma cell line that stably expresses GLuc-ASARTDL has been previously 

characterized as a reporter of ER calcium depletion (97). Here, we show that an increase 

in extracellular luminescence from GLuc-ASARTDL following Tg treatment was 

accompanied by an increase in fluorescence from esterase activity (Figure 3.3A). Tg did 

not cause any significant change in cell viability (Figure A.8A-B). Given that CES1 is a 

liver carboxylesterase and CES1 inhibitors decreased the esterase signal in previously 

tested samples, endogenous esterase activity was further tested in two human hepatoma 

cell lines, Hep3B and HepG2. Tg significantly increased media esterase activity in both 

cell lines (Figure 3.3B). BNPP and benzil (pan-carboxylesterase inhibitors), troglitazone 

(CES1 inhibitor), and loperamide (CES2 inhibitor) dose dependently reduced esterase 

activity indicating a carboxylesterase is responsible for the fluorescent signal being 

produced and that CES1 and CES2 can hydrolyze the ester bonds of fluorescein-CM2 

(Figure 3.3C).  

 Tg induces ER stress while causing ER calcium depletion while tunicamycin (an 

N-linked glycosylation inhibitor) induces ER stress without causing ER calcium 

depletion. Similar to the published GLuc-ASARTDL reporter (97), only Tg caused an 

increase in fluorescent signal in Hep3B cells (Figure 3.4A). Induction of ER stress was  
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Figure 3.3: Endogenous esterase activity can be monitored in three different cell lines. (A) Tg 

(200nM) and vehicle induced secretion of GLuc-ASARTDL and endogenous esterase in SH-SY5Y cells 

stably expressing GLuc-ASARTDL over the course of 8 h (mean ± SEM, n=24, 3 independent 

experiments, two-way ANOVA with Dunnett’s multiple comparisons test, ****p<0.0001 esterase 

fluorescence vs. 0 h, ##p<0.01 GLuc luminescence versus 0 h, ####p<0.0001 GLuc luminescence versus 0 h). 

(B) Fluorescent esterase activity in Hep3B and HepG2 cell culture media following Tg-induced ER 

calcium depletion with 200 nM Tg for 8 h (mean ± SEM, n=6, unpaired two-tailed t-test, **p<0.01, 

****p<0.0001).  (C) Fluorescence of medium from Hep3B cells treated with 200nM Tg for 8 h following a 

30 min incubation with carboxylesterase inhibitors (mean ± SD, n=3). Reprinted with permission from 

Biomarkers (23), copyright 2018. 
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Figure 3.4: Esterase activity increases following ER calcium depletion. (A) Fluorescent esterase activity 

in Hep3B culture medium 8 h after 200 nM Tg or 3 µg/mL tunicamycin treatment (mean ± SEM, n=16, 2 

independent experiments, one-way ANOVA with Dunn’s multiple comparisons test to vehicle, 

***p<0.001). (B) Fluorescent esterase activity in Hep3B cell culture medium following Tg-induced ER 

calcium depletion (mean ± SEM, n=8, one-way ANOVA with Holm-Sidak’s multiple comparisons to 

vehicle, ****p<0.0001). (C) Fluorescent esterase activity in medium from Hep3B cells after a 2 h CPA 

treatment followed by a washout and 8 h incubation (mean ± SEM, n=4, one-way ANOVA with Dunnett’s 

multiple comparisons test to vehicle, *p<0.05, ***p<0.001, ****p<0.0001). (D) Fluorescent esterase 

activity in medium from Hep3B cells 8 h after CPA treatment (10 µM) with or without a 30 µM dantrolene 

pre-treatment (mean ± SEM, n=14, 3 independent experiments, two-way ANOVA with Bonferroni’s 

multiple comparisons test, p<0.001 for vehicle versus CPA, ****p<0.0001 for vehicle versus dantrolene). 

(E) OGD and normoxia induced extracellular esterase activity in SH-SY5Y cells exposed to 16 h of OGD 

followed by 8 h of normoxia (mean ± SEM, n=16, 2 independent experiments, two-way ANOVA with 

Sidak’s multiple comparisons test, p<0.0001 for overall OGD effect, ****p<0.0001 for normoxia versus 

OGD). (F) OGD and normoxia induced extracellular esterase activity in SH-SY5Y cells exposed to 16 h of 

OGD with or without 30 µM dantrolene followed by 8 h of normoxia (mean ± SEM, n=24, 3 independent 

experiments, two-way ANOVA with Dunnett’s multiple comparisons test, p<0.0001 for overall OGD 

effect, ****p<0.0001 for OGD vehicle versus dantrolene). Reprinted with permission from Biomarkers 

(23), copyright 2018. 
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confirmed by monitoring the upregulation of genes involved in the unfolded protein 

response (UPR). BiP, Erdj4, and ASNS are endogenous UPR-responsive genes activated 

by the ATF6, IRE1/XBP1, and PERK UPR pathways, respectively (187, 198). The 

mRNA levels of BiP, Erdj4, and ASNS were increased following treatment with both Tg 

and tunicamycin, however Tg caused a greater increase in UPR-responsive gene 

expression (Figure A.9A). When using the SH-SY5Ycell line in which Tg and 

tunicamycin induce similar increases in established ER stress markers, tunicamycin did 

not increase fluorescent esterase signal (Figure A.9B-C). In neither case did the drug 

treatments affect cell viability (Figure A.8C-F). Further, in Hep3B cells, the effect of Tg 

was dose-dependent (Figure 3.4B) and a similar effect was also observed with 

cyclopiazonic acid (CPA) (199), a reversible SERCA inhibitor, (Figure 3.4C). Treatment 

with dantrolene, a ryanodine receptor inhibitor that blocks calcium efflux from the ER, 

attenuated the CPA evoked esterase release from Hep3B cells with minimal effects on 

cell viability (Figure 3.4D, Figure A.8G-H). A CPA and dantrolene washout paradigm 

was used to circumvent the interference of dantrolene fluorescence (200).   

Oxygen-glucose deprivation (OGD) is used as an in vitro model of ischemic 

injury where changes in calcium homeostasis are known to occur (164, 165).  SH-SY5Y 

cells were subjected to OGD for 16 h followed by medium replacement. Esterase activity 

increased in the medium following OGD injury (Figure 3.4E). Treatment with dantrolene 

during OGD reduced the level of esterase-dependent fluorescence which further supports 

our model in which extracellular esterase tracks with ER calcium dysregulation caused by 

pathophysiological states.   
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In vivo esterase activity 

To characterize esterase secretion in vivo, we concurrently monitored GLuc-

ASARTDL and esterase activity in plasma. In order to monitor GLuc-ASARTDL activity 

in vivo, rats were intrahepatically injected with AAV-GLuc-ASARTDL as previously 

described (98) and given Tg 14 days after viral infection. GLuc and esterase activity in 

plasma was significantly increased following Tg as indicated by increased luminescence 

and fluorescence, respectively (Figure 3.5A).  No change in luminescence or fluorescence 

was observed following a vehicle injection. The Tg-induced increase in esterase activity 

was temporally consistent with increases in GLuc-ASARTDL with the greatest change 

seen in the 48 h following Tg. To examine the stability of esterase activity, plasma from 

animals was incubated for an additional 48 h at 37°C and showed a slight increase in 

fluorescence (data not shown) indicating that the return to baseline is unlikely due to 

esterase instability. Incubation of the rat plasma with carboxylesterase inhibitors 

produced the same pattern of inhibition seen previously in cell culture medium, 

supporting the idea that carboxylesterases are the enzymes responsible for fluorescein-

CM2 substrate conversion with BNPP, benzil, troglitazone, and loperamide all decreasing 

esterase activity (Figure 3.5B).  

Human blood samples from a clinical laboratory study (201) were examined for 

esterase activity. While no significant correlation was found between esterase activity and 

either age or body mass index (BMI), there was a significant positive correlation between 

esterase activity and both the AST/ALT (De Ritis) ratio and C-reactive protein (CRP) 

levels (Figure 3.6A-D). Although only a few patient samples had an AST/ALT ratio or 

CRP level in the range of liver or general inflammation, respectively, the trend towards 



68 

 

inflammation positively correlated with our esterase activity (202, 203). Incubating 

human samples with carboxylesterase inhibitors revealed the same inhibition pattern as 

our in vitro studies and rat plasma suggesting CES1 and CES2 are primary contributors to 

the observed fluorescent signal (Figure 3.6E). Collectively, our data support the 

possibility of using endogenous ER resident proteins to monitor changes in ER calcium 

homeostasis in patients.  
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Figure 3.5: Esterase activity measured in rat plasma increases following Tg treatment. (A) Tg (1 

mg/kg, i.p.) and vehicle (i.p.) induced secretion of GLuc-ASARTDL and endogenous esterase in rat plasma 

relative to day 14 pre-Tg levels (mean ± SEM, n=3 rats, one-way ANOVA for GLuc-ASARTDL and 

esterase with Dunnett’s multiple comparisons test to day 14 pre-Tg, *p<0.05, **p<0.01). (B) Fluorescence 

of rat plasma treated with esterase substrate following a 30 min incubation with carboxylesterase inhibitors 

(mean ± SD, n=3). Reprinted with permission from Biomarkers (23), copyright 2018. 
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Figure 3.6: Esterase activity can be monitored in human samples. Correlations of esterase activity in 

human blood with (A) age (n=39 participants), (B) BMI (n=39 participants), (C) AST/ALT ratio (n=38 

participants), and (D) C-reactive protein concentrations (n=33 participants). (E) Fluorescence in human 

plasma following 30 min incubation with carboxylesterase inhibitors (mean ± SD, n=3). Reprinted with 

permission from Biomarkers (23), copyright 2018. 
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DISCUSSION 

Proteins with KDEL-like tails have the potential to be used as disease biomarkers. 

Under normal conditions, proteins with KDEL-like tails are maintained within the ER 

(100, 144). However, there is evidence that some ER luminal proteins with a KDEL 

sequence are secreted following treatment with calcium ionophores, which suggests that 

ER resident proteins are sensitive to changes in ER calcium (116).  Recent studies 

suggest that MANF, an ER resident protein with a KDEL-like C-terminus, may be useful 

as a biomarker for ER stress in the kidney (204) and diabetes (178, 205). Recent work 

from our laboratory suggests around 80 proteins may be secreted in response to ER 

calcium depletion (206). In our search for an endogenous marker of ER calcium 

dysregulation, carboxylesterases were attractive candidates. These enzymes are known to 

be localized to the ER lumen and have the ability to metabolize esters, thioesters, amides, 

and carbamates. Multiple carboxylesterase isoforms exist with overlapping substrate 

specificities for both the activation and inactivation of drugs, toxins, carcinogens, and 

fatty acid esters. Here we show an increase in extracellular esterase activity following the 

depletion of ER luminal calcium which supports a model in which carboxylesterases are 

secreted from the cell following a decrease in luminal ER calcium. Importantly, our in 

vitro experiments demonstrate that increased extracellular esterase levels are not 

accompanied by decreased cell viability, suggesting that carboxylesterase secretion is not 

due to cell lysis. While the loss of ER localization and its effects on the endogenous 

activity of carboxylesterases requires further study, our current results support the use of 

extracellular carboxylesterase activities to assess ER calcium homeostasis by sampling 
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extracellular fluid, adding a fluorescein diester substrate, and quantifying the 

fluorescence produced by the selective esterase-ester interaction. 

The methods we describe herein focus on measuring fluorescence using a plate 

reader, however, the original paper describing the fluorescein-CM2 substrate is an 

imaging-based study (193). Although it is theoretically possible that endogenous 

esterases could be detected in situ using the described fluorogenic substrate, 

complications may arise regarding the membrane permeability of the substrate. Such an 

approach needs further evaluation and optimization. Further studies may also provide 

insight into the intracellular and extracellular behavior of endogenous esterases.  

We show that esterase activities from at least two carboxylesterases, CES1 and 

CES2, are elevated in cell culture media and rat plasma following pharmacological 

depletion of ER calcium. The tissue source of carboxylesterase release is an important 

issue to consider. Using small molecule inhibitors we show that the fluorescent activity of 

our substrate is linked to carboxylesterase activity with CES1 and CES2. The highest 

quantities of CES1 in humans and rats are found in the liver and we hypothesize that our 

measured activity in plasma is coming from this major tissue source of carboxylesterase 

(207, 208). However, we cannot exclude other tissues as contributing sources of esterase 

activity. In particular, the small intestine is noted to contain significant levels of CES2 

(207, 208). Performing tissue selective knockouts of CES could be used to identify 

specific sources of CES activity.   

For the human component of this study, we investigated blood samples from a 

population of currently drinking alcohol-dependent individuals in order to detect liver 

and general inflammation markers. Esterase activity positively correlated with clinical 
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measures of liver and general inflammation (AST/ALT ratio and CRP concentration, 

respectively) in patients. Notably, CRP is a blood marker of general inflammation that is 

normally retained in the ER by two CRP-binding carboxylesterases that contain the 

KDEL-like C-terminal sequences HIEL and HTEL (203, 209). This, along with the fact 

that prolonged ER stress is linked to inflammation and has been associated with reduced 

carboxylesterase steady state levels and reduced CRP binding capacity, makes it expected 

that CRP levels would track with our endogenous esterase (210, 211). Accordingly, 

during the acute phase inflammatory response, there is reduced binding of these esterases 

with CRP, resulting in increased CRP secretion into the extracellular environment, which 

suggests that ER resident protein retention can change depending on pathophysiologic 

state (211).  

In rat serum, extracellular CRP levels and esterase activity are increased 

following treatment with Tg (Figure A.10A). However, the kinetics of the two markers 

differed with esterase levels significantly increased 24 h after Tg and CRP levels showing 

a delayed increase only reaching significance 48 h post-Tg. Given that CRP is regulated 

by inflammation and its retention in the ER appears to be connected to other proteins, it 

may not serve as a direct marker for ER calcium depletion. Importantly, albumin was not 

increased 48 h post-Tg indicating that the increases seen in esterase and CRP are not due 

to increased general protein secretion (Figure A.10B). Concurrent monitoring of CRP and 

esterase levels could be informative in the study, diagnosis, and treatment of diseases 

associated with ER calcium dysfunction and inflammation. The ability to monitor 

endogenous esterase activity in the extracellular space could also have therapeutic value 

in the study of drug biotransformation as circulating carboxylesterase levels are known to 
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affect the hydrolysis of angiotensin-converting enzyme inhibitors, anti-tumor drugs, and 

drugs of abuse (212-214).    

While the high inter-individual variability of carboxylesterase expression may 

preclude these proteins from being obvious biomarkers (215), the possibility warrants 

further study. Although variability may cause complications when comparisons are made 

between patients, the newly discovered ability to track ER calcium depletion in a single 

patient over time would still have a significant impact. Monitoring esterase activity in 

extracellular fluids, has the potential for delineating the cause and effect relationship 

between ER calcium dysfunction and disease pathogenesis. For example, we recently 

showed that esterase activity increases in the plasma of rats fed a high fat diet and 

correlates with GLuc-ASARTDL secretion from the liver in an ER calcium-dependent 

manner (99).  

While the introduction of transgenes or chemical dyes to measure ER calcium 

levels may be more sensitive to perturbations in calcium at the cellular level, we have 

described a blood-based biomarker of changes in ER calcium homeostasis. Our data 

support a model in which ER calcium depletion triggers the secretion of ER resident 

carboxylesterases which can be detected by sampling extracellular fluids, e.g. cell culture 

media or plasma. Further evaluation of this approach in other pathological states where 

ER calcium depletion has been implicated or identified as a contributing mechanism will 

aid in monitoring, understanding, and treating human diseases. 
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MATERIALS AND METHODS 

 

Materials and reagents 

Chemicals used (all diluted in DMSO) were:  thapsigargin (Sigma), dantrolene (Sigma), 

cyclopiazonic acid (Sigma) loperamide hydrochloride (Cayman Chemical), 4-

Nitrophenyl phenylphosphonate (Cayman Chemical), troglitazone (Cayman Chemical), 

benzil (EMD Millipore), tunicamycin (Sigma). DMSO controls at concentrations 

equivalent to treatments were used in all experiments. The preceding reagents are 

commercially available at the indicated companies. The plasmids and cell lines generated 

as part of this study are available by request from the authors.  

 

Synthesis of chemically stable fluorogenic esterase substrate fluorescein di-(1-

methylcyclopropanecarboxymethyl ether) (5) 

Substrate synthesis followed previously described methods with slight modifications 

(193). The target compound, fluorescein di-(1-methylcyclopropanecarboxymethyl ether) 

(Figure 3.7 Compound 5), was synthesized following the procedure described previously 

with some modifications as described below (193). Spectral data of all synthetic 

intermediates agreed with the published data.  
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Figure 3.7: Synthesis of fluorescein di-(1-methylcyclopropanecarboxymethyl ether) (Compound 5 

above). Predicted cleavage sites of α-cyclopropyl ester linkages by esterase activity are indicated with red 

arrows (193, 194). Reprinted with permission from Biomarkers (23), copyright 2018. 

 

  



77 

 

General Chemistry Methods 

Melting points were determined on a Buchi B-545 instrument and are 

uncorrected. Proton and carbon nuclear magnetic resonance (1H and 13C NMR) spectra 

were recorded on a Varian Gemini-400 spectrometer in CDCl3 with the values given in 

ppm (TMS as internal standard) and J (Hz) assignments of 1H resonance coupling. Mass 

spectra (HRMS) were recorded on a VG 7070E spectrometer or a JEOL SX102a mass 

spectrometer. Flash column chromatography was performed with Fluka silica gel 60 

(mesh 220−400). Atlantic Microlabs, Inc., Norcross, GA, or MicroAnalysis, Inc., 

Wilmington, DE, performed elemental analyses, and the results were within ± 0.4% of 

the theoretical values.  

Chloromethyl 1-methylcyclopropane-1-carboxylate (Compound 2). To a 

stirring solution of tetrabutylammonium hydrogenosulfate (1.69 g, 5 mmol) and 

potassium carbonate (27.6 g, 200 mmol) in a mixture of water and dichloromethane 

(DCM) (100 mL) (1:1; v/v) was added 1-methylcyclopropane-1-carboxylic acid (5g, 

49.9mmol) in one portion at room temperature under nitrogen. The mixture was stirred 

vigorously for 1 h and a solution of chloromethyl chlorosulfate (7.59 mL, 75 mmol) in 

DCM (15 mL) was added dropwise keeping the internal temperature below 25C. The 

stirring was continued for additional 3h. The organic layer was separated, and the 

aqueous layer was extracted with DCM (3x25 mL). The solvent was removed on a 

rotavapor at room temperature. The resulting residue was taken up in ether (70 mL), 

washed with water (3x35 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The crude product 2 was obtained quantitatively (7.5g) as a light-yellow liquid and used 
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in the next step of the synthesis without further purification. 1H NMR (CDCl3): δ 5.69 (s, 

2H), 1.30-1.32 (m, 5H), 0.77 (ddd, 2H, J = 6.75 Hz).  

Fluorescein di-(1-methylcyclopropanecarboxymethyl ether) (Compound 5). 

To a solution of crude compound 2 (7.5 g, 49.9 mmol) in anhydrous acetonitrile (40mL) 

was added NaI (7.49 g, 50 mmol) and the mixture was stirred in dark for 18 h. The 

solvent was evaporated on a rotavap and the resulting residue treated with ether (60 mL), 

stirred for 20min, and the solid was filtered off. The ethereal solution was concentrated in 

vacuo yielding 3 as a brown oil which was subsequently used in the next step of the 

synthesis. To a mixture of fluorescein (1.99 g, 6 mmol), Ag2O (11.59 g, 50 mmol) and 

4Å MS (8 g) in anhydrous acetonitrile (60 mL) was added a solution of 3 in anhydrous 

acetonitrile (20 mL) under an atmosphere of argon. The reaction mixture was stirred for 

24 h at ambient temperature protected from light. The mixture was filtered through a pad 

of Celite, washed with ether and concentrated in vacuo. The resulting light-brown oil 

was purified by column chromatography under isocratic conditions 

(hexane/ether/triethylamine; 1:1:0.01). Fractions containing the product were combined 

and the solvent evaporated to give a very pale yellow solid which was further purified by 

crystallization from ethanol affording 5 as a white solid (2.4 g, 72% Y), m.p. 136-137C. 

1H NMR (CDCl3): δ 8.02 (d, 1H, J = 7.19 Hz), 7.61-7.69 (m, 2H), 7.17 (d, 1H, J = 7.33 

Hz), 6.94 (m, 2H), 6.72 (m, 4H), 5.76 (m, 4H), 1.31 (s, 6H), 1.26-1.29 (m, 4H), 0.72-0.75 

(m, 4H). 13C NMR (CDCl3): δ 174.73, 169.14, 158.52, 152.91, 152.25, 135.06, 129.83, 

129.32, 126.68, 125.12, 123.88, 113.25, 112.63, 103.57, 85.11, 82.45, 19.13, 18.64, 

17.33. HRMS-ESI (m/z): [M+H]+ calcd for C32H29O9: 557.1812; found: 557.1811; anal. 

calcd for C32H28O9: C, 69.06; H, 5.07; found: C, 69.10; H, 5.01. 
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Sequence alignment 

EST1_PIG, EST1_HUMAN, and EST2_HUMAN were aligned using Uniprot sequence 

alignment with the Clustal Omega program. Annotations were added to show amino acid 

similarity. 

 

Plasmid DNA  

The coding region for porcine liver esterase with its signal peptide removed (comprising 

amino acids 19-566) was amplified from pCAG::PLE-IRES-mCherry (a gift from Dr. 

Scott Sternson) and inserted downstream of the MANF signal peptide (1-23) and the 

StrepII-EK-FLAG epitopes in the pLenti6.3 lentiviral plasmid backbone (Invitrogen) 

with ligation-independent cloning. An amino acid polymorphism (A439T) was 

discovered upon sequencing, and PCR-based mutagenesis was used to modify this codon 

back to A439V (with respect to the “wildtype” primary sequence for PLE Genbank 

CAA44929.1 and the digital sequence provided for AA0707) thereby creating pLenti6.3 

hMANFsigpep-StrepII-FLAG PLE (Addgene 104482). 

 

Cell culture and transfections 

Human SH-SY5Y neuroblastoma cells were maintained in growth medium 

composed of Dulbecco's Modified Eagle Medium (DMEM 1X + GlutaMAX, 4.5 g/L D-

glucose, 110 mg/L sodium pyruvate; Invitrogen) containing 10% bovine growth serum 

(BGS; GE Life Sciences SH30541.03), 10 units/mL penicillin, and 10 µg/mL 

streptomycin. Cells were grown at 37°C with 5.5% CO2 in a humidified incubator. For 

PLE overexpression, cells were reverse transfected by adding cells to a 12-well plate 
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containing transfection complexes.  Transfection complexes contained 2 µg PLE plasmid 

DNA and 0.6 µL of Xfect (Clontech) in a final volume of 100 µL. Wells had a final 

volume of 1 mL and 5.9 x 10^5 cells in cell culture medium without antibiotics. After 28-

29 h, a full medium exchange into growth medium containing 1.5% BGS was performed. 

This was followed 16 h later by a full medium exchange into esterase assay medium (150 

mM NaCl, 5 mM KCl, 1 mM MgCl2, 20 mM HEPES, 1 mM CaCl2, and 1.9 g/L glucose). 

After 8 h medium was collected and snap frozen.  

All other cell culture experiments were performed in 96-well plates with 5 x 10^4 

cells in 100 µL. After 28-29 h, a full medium exchange into low serum (1.5% BGS) 

growth medium was performed. Drug treatments (e.g. thapsigargin, CPA) began 16-17 h 

after the low serum media exchange and lasted for 8 h. At the time of drug treatment, a 

full media exchange was performed with esterase assay medium containing drug at 1x 

final concentration. For pre-treatments, dantrolene was added 30 min prior to SERCA 

inhibition by CPA. At the end of each experiment, medium was removed from the wells, 

spun down for 5 min (1000xg, 4°C), and snap frozen. For CPA experiments, washouts 

were performed via six 50% media exchanges and occurred 2 h after the initial drug 

application. Media samples were collected 8 h after the final washout. 

Human Hep3B and HepG2 hepatocyte cells were maintained similarly to SH-

SY5Y (described above) but used DMEM containing 10% fetal bovine serum (FBS; GE 

Life Sciences SH30071.03), 10 units/mL penicillin, and 10 µg/mL streptomycin. Low 

serum media exchanges in these cell lines were done with growth medium containing 

1.5% FBS.  
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Viability assays 

 Cell viability assays were performed with the Promega CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay (MTS assay) and Promega CellTiter-Glo Luminescent 

Cell Viability Assay (ATP assay) as per the manufacturer’s protocol. 

Cell viability was also measured using the Promega CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay (MTS assay) by adding 20 µL of CellTiter 96 Aqueous 

One Solution Reagent to each well of a 96-well plate containing 100 µL of culture 

medium. The plate was incubated for 1 h at 37°C with 5.5% CO2 then absorbance at 490 

nm was measured with a Biotek Synergy II plate reader. 

For the Promega CellTiter-Glo Luminescent Cell Viability Assay (ATP assay), 

the CellTiter Glo Reagent volume equal to the volume of cell culture medium was added 

to each well.  Plates were mixed on an orbital shaker for 2 min at approximately 50 rpm 

then incubated for 10 min at room temperature. 100 µL of the solution was transferred 

from the tissue culture plate to an opaque walled plate, and luminescence was measured 

with a BioTek Synergy II plate reader.  

 

Oxygen glucose deprivation (OGD) 

SH-SY5Y cells were maintained in culture medium (DMEM 1X + GlutaMAX, 4.5 g/L 

D-glucose, 110 mg/L sodium pyruvate, containing 10% FBS, 10 units/mL penicillin, and 

10 µg/mL streptomycin) prior to plating in 96-well plates. 28 h after plating, cells were 

exchanged into OGD medium. The OGD medium (culture medium without glucose) was 

deoxygenated by bubbling a gas mixture containing 5% CO2, 10% hydrogen, and 85% 

nitrogen for 15 min (216). Every plate was exchanged into culture medium as described 
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above (normoxia control) or OGD medium (DMEM with L-Glutamine containing 10% 

FBS, 10 units/mL penicillin, and 10 µg/mL streptomycin). For dantrolene treatments, 

dantrolene (30 µM) or vehicle was added directly into deoxygenated or normoxia media 

immediately prior to the media being added to the culture plate. OGD plates were placed 

into hypoxia chambers (Billups-Rothenberg) that were deoxygenated by flushing the 

chambers for 10 min with 5% CO2, 10% hydrogen, and 85% nitrogen. The hypoxia 

chambers were placed inside of a 37C incubator. After 16 h of oxygen and glucose 

deprivation, cells were removed from the hypoxia chambers and medium was replaced 

with glucose-containing esterase assay medium. All plates were returned to the incubator 

until it was time for sample collection. 

 

Fluorescein diester assays 

For fluorescein diester assays, 20-75 µL of cell culture medium or 20 µL of plasma was 

transferred to a black walled clear bottomed plate (Perkin Elmer). An equal volume of 

100 µM esterase substrate, fluorescein di-(1-methylcyclopropanecarboxymethyl ether), 

was added to each well. The substrate was diluted in esterase assay medium (pH 5). 

Fluorescein di-(1-methylcyclopropanecarboxymethyl ether) was initially prepared at 100 

mM in DMSO and stored at -80°C as single use aliquots. Diluted substrate was kept in 

dark conditions prior to use. Fluorescence was measured every minute for 60 min at 45°C 

using a BioTek Synergy H2 plate reader (Excitation 485 nm/Emission 528 nm). The 

fluorescent values presented are those read at the 1 h timepoint after substrate addition. 

For inhibitor assays, serum free cell culture medium or rat plasma were incubated with 
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various concentrations of esterase inhibitors (listed above) for 30 min prior to running a 

fluorescein diester assay as described above. 

 

Gaussia luciferase secretion assay  

Assays for Gaussia luciferase activity were performed as previously described (97, 98). 

For luciferase secretion assays, 5 μL of cell culture medium from each well was 

transferred to a new opaque walled plate. The GLuc substrate was 10 µM coelenterazine 

(Regis Technologies) in PBS. Coelenterazine stock solutions were prepared at 20 mM in 

acidified methanol (10 µL of 10 N HCl per 1 mL of methanol) and stored at -80°C as 

single use aliquots. Luciferase levels were determined using a plate reader with an 

injector setup (BioTek Synergy II) that allowed samples to be read directly after injecting 

100 µL of substrate into the well containing cell culture medium. For all secretion assays, 

vehicle controls were used in all experiments at concentration equivalent to the 

treatments.  For luciferase assays involving rat plasma, 10 µL of plasma was transferred 

to an opaque walled plate and 100 µL of PBS containing 100 µM coelenterazine and 500 

mM ascorbic acid was injected. Cell culture samples were read at 25°C with a sensitivity 

of 100 and a 0.5 second integration time with a 5 second delay following coelenterazine 

substrate injection using a BioTek Synergy II plate reader. Rat plasma samples were read 

at 25°C with a sensitivity of 150 and a 5 second integration time with a 5 second delay 

following coelenterazine substrate injection using a BioTek Synergy II plate reader. 
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Real time reverse transcription quantitative PCR (RT-qPCR) 

mRNA expression was measured by real time RT-qPCR. Total RNA was isolated 

from cells using the using NucleoSpin® RNA kit (Takara) according to the 

manufacturer’s protocol. Total RNA from cell samples was isolated using the NucleoSpin 

RNA kit (Macherey-Nagel). RNA concentration was quantified with a NanoDrop 

spectrophotometer (Thermo Fisher Scientific). RNA samples were stored at -80°C until 

cDNA synthesis.  

Using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories), 1 µg of RNA 

sample was transcribed into cDNA in a 20 µL reaction mix according to the 

manufacturer’s protocol and diluted 1:20 with DNase-free water. cDNA, along with 

appropriate primer/probe sets (final concentration 450 nM and 50 nM, respectively), and 

2X Universal TaqMan Master Mix (Thermo Fisher Scientific) were amplified in a 20 µL 

reaction mix using BioRad CFX96 (5 min at 95°C, 50 cycles of 20 secs at 94°C, 1 min at 

60°C). Primer and probe sequences are listed in Table A.4. Ct values were normalized to 

the housekeeping gene Ube2i (217). Fold change was calculated using 2-ΔΔCt and data are 

expressed as fold change with upper and lower limits (2-ΔΔCt±SD). 

 

Human blood samples 

Blood samples were obtained from individuals who participated in a human laboratory 

study conducted at the National Institutes of Health Clinical Center in Bethesda, MD. 

This study was registered at ClinicalTrials.gov (NCT01751386); the parent protocol and 

the use of blood samples for the present study were approved by the NIH Addictions 

Institutional Review Board. Briefly, enrolled participants fit the DSM-IV-TR criteria for 
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a diagnosis of current alcohol dependence and high trait anxiety and were not seeking 

treatment for either condition (Figure 3.8). Further information as well as a detailed 

description of inclusion and exclusion criteria was previously reported (201). The blood 

samples used in this study were from the participant’s baseline visit (Day 1) after a 

written consent form was provided, but before the study medication or alcohol was 

administered. Breath alcohol concentrations at the time of this blood draw was zero. Age, 

body mass index (BMI), and markers of liver inflammation [i.e. aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT)] measures were available 

for all patients. C-reactive protein (CRP) concentrations, measured as a marker of general 

inflammation, were not available for all participants. Grubb’s test for outliers was 

performed on all data and resulted in the exclusion of one participant from the AST/ALT 

analysis and one participant from the CRP analysis. Outliers were not included in our 

analyses.  
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Figure 3.8: Schematic detailing participant selection. Out of 148 participants that were initially 

screened, 39 completed the baseline visit in Clinical Trial NCT01751386 and were included in our esterase 

analysis. Reprinted with permission from Biomarkers (23), copyright 2018. 
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In vivo injections 

All animal procedures adhered to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals and were approved by the Institutional Animal Care 

and Use Committee of the National Institute on Drug Abuse Intramural Research 

Program, Baltimore, MD. For intrahepatic injections of adeno-associated viral (AAV) 

vectors, male Sprague-Dawley rats were injected with AAV-GLuc-ASARTDL under 

anesthesia as described previously (98, 99). Briefly, a 30-gauge needle was used to inject 

100 µL of virus (7.6 x 10^9 vg/mL) into the medial lobe of the liver at 3 injections sites. 

Animals received an intraperitoneal (i.p.) injection of 1 mg/kg thapsigargin 14 days after 

viral injection and a vehicle i.p. injection 28 days after viral injection.  Blood was 

sampled via tail snip at indicated times as described previously.   Male Sprague-Dawley 

rats used for C-reactive protein (CRP) experiments were not injected with AAV and 

received a single i.p. injection of either 1 mg/kg thapsigargin or vehicle.    

During blood collection, animals were anesthetized with isoflurane, tails were 

snipped, and blood was collected into tubes containing heparin (50 µL of 1000U/mL 

heparin). The ratio of blood to heparin was normalized to 2:1 then samples were 

centrifuged at 4C for 5 min at 2000xg to separate plasma. Plasma was stored at -80C 

until time of use.  

 

C-reactive protein ELISA 

An ELISA for rat C-reactive protein was performed according to the manufacturer’s 

protocol (Thermo Fisher Scientific). Rat plasma samples were diluted 1:4000 prior to 

assaying. Reaction with the provided tetramethylbenzidine substrate solution was allowed 
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to proceed for 10 min before quenching with the kit’s acidic stop solution. Absorbance at 

450 nm was read using a BioTek Synergy II plate reader.   

 

Albumin quantification 

Rats were deeply anesthetized with isoflurane and blood was collected via cardiac stick 

48 h post-Tg or vehicle injection into collection tubes provided by IDEXX laboratories 

(Westbrook, ME). Following collection, blood samples were centrifuged at 2000xg for 5 

min at 4°C, and serum was transferred to a separate tube and stored at -80°C until time of 

shipment. Measurements for albumin were performed by IDEXX laboratories.     
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Chapter 4: Novel modulators of endoplasmic reticulum homeostasis 

 

INTRODUCTION 

Calcium is a critically important ion for cell survival having noted roles in cell 

signaling, cell division, excitotoxicity, and cell motility (218-222). Accordingly, cells 

tightly regulate calcium levels within the cell. Complex homeostatic mechanisms in cells 

work to maintain intracellular basal calcium levels around 10,000 times lower than those 

found in the extracellular space. In order to maintain homeostasis, an influx of calcium 

must be counteracted either by pumping calcium back across the plasma membrane or by 

sequestering the calcium within an organelle. The endoplasmic reticulum (ER) is 

considered the main intracellular calcium reservoir, and calcium levels within the ER 

lumen are maintained by a calcium influx pump and two calcium efflux channels. 

Calcium influx into the ER occurs through the sarco/endoplasmic reticulum calcium 

ATPase (SERCA), while the ryanodine receptor (RyR) and inositol 1,4,5-triphosphate 

receptor (IP3R) are the primary mediators of calcium efflux from the ER (41-43). 

Disturbances of luminal ER calcium concentrations can lead to the accumulation of 

misfolded proteins, activation of the unfolded protein response (UPR), and apoptosis 

(72). Further, we have recently demonstrated that depletion of ER calcium leads to the 

secretion of normally ER resident proteins (206).  

Disruption of ER calcium regulation is associated with a wide variety of diseases 

ranging from neurological disorders to skin diseases (190). Therapies designed to restore 

ER homeostasis have therapeutic potential. Current approaches have focused on 

stabilizing ER calcium levels by increasing calcium uptake into the ER lumen or 
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preventing calcium efflux from the ER. SERCA overexpression, an example of 

promoting calcium influx into the ER, has been associated with improved outcomes in 

animal models of muscular dystrophy, obesity, and heart failure (223-227). Additionally, 

CDN1163, an allosteric SERCA activator, has noted protective effects in a mouse model 

of type 2 diabetes and a rat model of Parkinson’s disease (228, 229). Strategies aimed at 

reducing calcium efflux from the ER have also proven efficacious. Dantrolene, a RyR 

antagonist, is an approved treatment for malignant hyperthermia and has also been used 

to treat muscle spasms in humans and ameliorate Alzheimer’s disease symptoms in 

rodents (230-236). Some data suggests that dantrolene could also be useful in the 

treatment of ecstasy intoxication and heat stroke (237-240). Similarly, treatment with 

IP3R antagonists, like xestospongin C and 2-Aminoethyl diphenylborinate (2-APB), is 

associated with anti-depressant effects and protection of synaptic plasticity in 

Alzheimer’s disease (241, 242).  

 In multiple pathologies, beneficial effects are seen following therapies aimed at 

modulating ER calcium homeostasis. By targeting SERCA, IP3R, and RyRs the steep ER 

calcium gradient can be maintained, and the ER can continue to perform vital cellular 

functions. These three proteins are not solely responsible for the regulation of ER 

calcium, but the positive therapeutic effects seen when they are targeted indicates that 

other regulators of ER calcium should be investigated for similar therapeutic value (243). 

Here we present a target-agnostic phenotypic screen for small molecule modulators of ER 

homeostasis. The identification of several compounds of interest and our further 

characterization of these compounds lays the groundwork for future work examining the 

protective effects of these drugs in disease states.  
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RESULTS 

Five FDA-approved drugs decrease GLuc-ASARTDL release following thapsigargin 

treatment 

We previously characterized a Gaussia luciferase reporter protein, GLuc-

ASARTDL, as both a marker of ER calcium depletion and a marker of ER resident 

protein secretion in response to pathological conditions (97, 206). We used GLuc-

ASARTDL to carry out a high-throughput screen looking for small molecule modulators 

of ER homeostasis. Thapsigargin, a SERCA inhibitor, was used to deplete ER calcium 

and cause GLuc-ASARTDL secretion. Compounds were examined for their ability to 

attenuate thapsigargin-induced GLuc-ASARTDL secretion. A screen of 10,142 unique 

compounds yielded 226 compounds that diminished thapsigargin-induced GLuc-

ASARTDL secretion, did not affect general protein secretion, and did not exhibit cell 

toxicity. From this pool of candidates, five FDA-approved drugs were selected for further 

study. One drug, dantrolene, is a known RyR antagonist that has previously been used to 

blunt GLuc-ASARTDL secretion following Tg treatment, while the other four drugs are 

novel candidates for restoring ER homeostasis (97, 151). As these results are not yet 

published, in this dissertation the novel drug candidates will be referred to as Drug A, 

Drug B, Drug C, and Drug D. All five compounds (dantrolene and the other four drug 

candidates) were able to inhibit GLuc-ASARTDL release in SH-SY5Y when added 16 h 

pre-thapsigargin to 2 h post-thapsigargin, but were unable to attenuate GLuc-ASARTDL 

secretion when added 4 h post-thapsigargin (Figure 4.1A). Some changes in cell 

metabolism (as measured by an ATP assay) were observed in cells treated with 

compounds for longer periods of time (Figure 4.1B). The ability of the five identified  
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Figure 4.1: Five clinically-approved drugs were characterized for acute effects on GLuc-ASARTDL 

release. SH-SY5Y cells stably expressing GLuc-ASARTDL were treated with 30 µM of compound at the 

indicated time relative to 200 nM thapsigargin application (16 h and 0.5 h pre-Tg and 0.5 h, 1 h, 2 h, and 4 

h post-Tg). (A) GLuc -ASARTDL was measured in the media 8 h after thapsigargin treatment (mean ± 

SEM, n=48, 3 independent experiments). (B) ATP assay to assess cell metabolic activity 8 h after 

thapsigargin treatment (mean ± SEM, n=18, 3 independent experiments).      
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compounds to decrease GLuc-ASARTDL secretion following thapsigargin mediated ER 

calcium depletion warranted further study of the compounds. 

 

Thapsigargin-induced release of ER resident proteins is diminished by treatment 

with Drug B 

Focusing our attention on Drug B allowed for a closer examination of the effects 

of Drug B. We previously described a cellular phenomenon that we termed “exodosis” to 

refer to the redistribution of ER luminal proteins to the extracellular space in response to 

a pathological condition (206). We identified ER calcium depletion as a trigger of 

exodosis, leading to the loss of ER proteins with ER retention sequences (ERS). The 

addition of dantrolene was able to reduce ER exodosis and our aim was to discover 

whether Drug B could act in a similar manner. A library of Gaussia luciferase (GLuc) 

reporter proteins comprising both ERS and non-ERS proteins showed that Drug B was 

broadly able to reduce reporter secretion in response to thapsigarin (Figure 4.2A, Table 

A.1). Cells treated with Drug B, but not thapsigargin, exhibited only minimal changes in 

secretion (Figure 4.2B). Overall, the ability of Drug B to decrease Tg-induced GLuc-ERS 

release was similar to that of dantrolene (Figure A.11). Follow up experiments using 

three endogenous ER luminal proteins with ERS (PDI, MANF, carboxylesterases) 

demonstrated Drug B’s ability to reduce endogenous ER resident protein secretion when 

given both 30 min pre-thapsigargin and 1 h post-thapsigargin (Figure 4.2D-F).  
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Figure 4.2:  Effects of Drug B on thapsigargin-induced release of ERS proteins.  (A) Effects of 20 µM 

Drug B on GLuc-ERS reporter library secretion following 200 nM thapsigargin treatment.  Each number 

along the X-axis represents a GLuc-ERS reporter protein detailed in Table A.1. (B) Effects of 20 µM Drug 

B on GLuc-ERS reporter library secretion following vehicle treatment. (C-E) 20 µM Drug B reduces 

secretion of ERS-containing proteins when applied 0.5 h before 200 nM thapsigargin or 1 h following 

thapsigargin treatment. (C) Fold change in carboxylesterases measured using a fluorescent substrate (mean 

± SEM, n=22, 3 independent experiments, ****p<0.0001). (D) PDI immunoprecipitation of cell culture 

media quantified by western blot densitometry and expressed as fold change in PDI (mean ± SEM, n=9, 3 

independent experiments, *p<0.05). (E) Fold change in extracellular MANF measured using an HTRF 

assay (mean ± SEM, n=9, 3 independent experiments, ****p<0.001).     

  



95 

 

Drug B attenuates ER resident protein secretion in a cell culture model of ischemia 

In order to look at the effects of Drug B in a physiologically relevant disease 

model, we used an oxygen-glucose deprivation (OGD) model of in vitro ischemia (164, 

165). The exact pathology of ischemia remains to be elucidated, however ER calcium is 

thought to play a role (206, 244, 245). Additionally, dantrolene, a known modulator of 

ER calcium, has protective effects in OGD (165). Following exposure to OGD, GLuc-

ERS reporters are more highly secreted than in normoxic conditions (Figure 4.3A). The 

increased GLuc-ERS secretion observed following OGD was attenuated by treatment 

with Drug B (Figure 4.3A). Drug B did not alter GLuc-ERS secretion in normoxic 

conditions (Figure 4.3B). The ability of Drug B to decrease OGD-induced GLuc-ERS 

release was similar to that of dantrolene (Figure 4.3C). Using carboxylesterase activity as 

a reporter of endogenous ERS-containing protein secretion (see Chapter 3) we showed 

that extracellular carboxylesterase activity was significantly increased following OGD 

and that treatment with Drug B attenuated this response and improved cell metabolic 

activity (Figure 4.3D-E).  

 

Drug B reduces stroke injury in an animal model of ischemia 

In collaboration with Dr. Yun Wang at the National Health Research Institutes in 

Taiwan, the neuroprotective effects of Drug B in an in vivo model of ischemia were 

tested using a transient middle cerebral artery occlusion (MCAO) model of stroke in rats 

to cause ischemia reperfusion injury in the cerebral cortex (246). A previous study 

demonstrated that dantrolene had protective effects in this model and we hypothesized  
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Figure 4.3: Effects of Drug B on OGD-induced release of ERS proteins. (A) Fold change in secretion of 

GLuc-ERS reporters following OGD (16 h hypoxia plus 24 h normoxia) without Drug B (pink, mean ± 

SEM, n=15) or with 20 µM Drug B (blue, mean ± SEM, n=9, 3 independent experiments). (B) Fold change 

in secretion of GLuc-ERS reporters maintained in normoxic conditions with 20 µM Drug B (mean ± SEM, 

n=3). (C) A comparison of the ability of 30µM dantrolene (mean, n=6, 2 independent experiments) and 20 

µM Drug B (mean, n=9, 3 independent experiments) to inhibit GLuc-ERS release in SH-SY5Y cells 

following OGD (16 h hypoxia plus 24 h normoxia). (D) OGD and normoxia induced extracellular esterase 

activity in media from SH-SY5Y cells following OGD (16 h hypoxia plus 24 h normoxia) with or without 

20 µM Drug B (mean ± SEM, n=24, 3 independent experiments, ****p<0.0001). (E) ATP assay to assess 

cell metabolic activity following normoxia or OGD (16 h hypoxia plus 24 h normoxia) with or without 20 

µM Drug B (mean ± SEM, n=12, 2 independent experiments, ****p<0.0001).  
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that Drug B would as well (247). Both dantrolene and Drug B were able to decrease the 

area of infarct and improve body asymmetry following 1 h MCAO when given as an 

intracerebroventricular (ICV) injection 15 min prior to MCAO (Figure 4.4A-C). This 

suggests that, consistent with our in vitro OGD data, dantrolene and Drug B have 

therapeutic potential in the treatment of ischemia.   

 

DISCUSSION 

ER calcium dysregulation is a molecular mechanism of disease associated with 

numerous pathologies (190). Therapeutic strategies aimed at modulating ER calcium by 

targeting SERCA, RyR, and IP3R are already in clinical use, suggesting that other 

therapies that target ER calcium could be of future clinical significance as well. Here we 

used a luminescent reporter protein (GLuc-ASARTDL) whose secretion is triggered by 

ER calcium depletion to look for drugs that affect ER calcium. A high throughput screen 

identified compounds that decreased GLuc-ASARTDL release following ER calcium 

depletion. The screen was target agnostic, so each compound tested may exert its 

influence via a different mode of action. This can be problematic because potential 

compounds of interest may not be recognized if they are tested in a cell type or model in 

which their target is not present leading to false negatives. However, target agnostic 

approaches are particularly important for the discovery of first in their class molecules. 

For example, a review of drug discoveries from 1999 to 2008 found that 56% of first-in-

class drug discoveries were the result of target agnostic phenotypic screens, while 34% 

were drugs found in target-based studies (248). In our study the presence of dantrolene, a  
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Figure 4.4 Drug B tested in a rat model of stroke. (A) Representative triphenyltetrazolium chloride 
(TTC) stained brain slices from rats showing the area of infarction following stroke with vehicle, Drug B, 

or dantrolene given ICV 15 min prior to 1 h MCAO. Red color is indicative of metabolically active tissue 

while white areas are indicative of necrotic tissue. (B) Quantitative analysis of the area of infarction in rat 

brains following MCAO with vehicle, Drug B, or dantrolene given ICV 15 min prior to 1 h MCAO (mean 

± SD, n=6 rats, two-way ANOVA with Bonferroni’s multiple comparisons test, *p<0.05 vehicle vs. drug). 

The area under the curve represents the volume of infarction. (C) Body asymmetry test 2 d post-ischemic 

event counting the number of contralateral turns out of 20 trials (mean ± SD, n=6 rats, one-way ANOVA). 

Data provided by Dr. Yun Wang, National Health Research Institutes, Taiwan.  
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known RyR antagonist, was important because dantrolene’s demonstrated ability to 

decrease GLuc-ASARTDL release suggested that the implemented screening technique 

was able to identify compounds that modulated ER calcium.  

From our initial screening, we further tested five FDA-approved drugs 

(dantrolene, Drug A, Drug B, Drug C, Drug D) with our most extensive efforts going 

toward the characterization of Drug B. Drug B was able to attenuate the release of our 

GLuc-ASARTDL reporter following both thapsigargin and OGD treatments. Further, 

Drug B was able to broadly reduce thapsigargin and OGD-induced secretion of a library 

of GLuc-ERS reporters as well as endogenous ERS-containing proteins. Drug B was 

previously reported to have protective effects in ischemia, glutamate toxicity, and chronic 

kidney disease and has been used clinically in the treatment of a variety of diseases. 

Despite its clinical use, the mechanism of action of Drug B remains poorly understood. 

Our phenotypic screen does not elucidate how Drug B acts, rather we suggest that in 

some way Drug B affects the ER calcium store and that further study is needed into this 

connection. 

A recent study from our lab described the cellular phenomenon of “exodosis” 

(206). We found that under conditions of ER calcium depletion there is a redistribution of 

ERS-containing proteins into the extracellular space. We hypothesize that exodosis 

negatively impacts cellular functioning because the luminal ER proteins needed to carry 

out intrinsic ER functions are secreted from the cell and these proteins are now in the 

extracellular space where they can affect neighboring cells. The secretion of our GLuc-

ASARTDL reporter mirrors the secretion of ERS-containing proteins from the ER. Thus, 

we speculate that hits in our high throughput screen would also be effective in preventing 
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ER exodosis. Drug B, for example, attenuated the release of PDI, MANF, and 

carboxylesterases following treatment with thapsigargin and exposure to ischemic 

conditions. The cellular effects of ER exodosis are still being studied, but the 

identification of compounds that prevent the loss of ER resident proteins may have 

implications in the treatment of diseases in which ERS-containing proteins are elevated in 

circulation. Diseases like diabetes (MANF and Hsp47), rheumatoid arthritis (BiP, CALR, 

TXNDC5), and pneumonia (Hsp47, PDIA3) among others, have a noted increase in ERS-

containing proteins in extracellular fluid suggesting that Drug B or one of the other 

compounds identified in this study may have therapeutic potential (178, 181, 205, 249-

253). Future phenotypic and target-based screens can aid in our understanding of the 

connection between small molecules, ER homeostasis, and disease treatments.      

 

 

MATERIALS AND METHODS 

 

Reagents and antibodies  

Thapsigargin (Sigma); mouse anti-PDI antibody (Abcam); goat anti-mouse antibody 

(Rockland).   

 

Gaussia luciferase assay 

SH-SY5Y-GLuc-ASARTDL cells were cultured in a 37oC humidified incubator with 

5.5% CO2 in DMEM (4.5 g/L D-glucose, 110 mg/L sodium pyruvate) containing 2 mM 

GlutaMAX, 10% bovine growth serum (Hyclone), 10 U/ml penicillin (Gibco), and 10 
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µg/ml streptomycin (Gibco). Cells were plated at 5 x 104 cells per well (100 µl volume) 

and returned to the incubator for 48 h before being treated with 200 nM thapsigargin. 

Cells were incubated with compounds (or DMSO control) for 16 h or 0.5 h prior to 

adding thapsigargin or cells were treated with compounds 0.5 h, 1 h, 2 h, or 4 h following 

the addition of thapsigargin. 8 h after thapsigargin treatment, 5 µl of medium was 

collected for enzymatic assay as previously described (254).  Briefly, 5 µl medium was 

transferred to an opaque walled plate, 100 µl of 8 µM coelenterazine (diluted in 1x PBS) 

was injected using a Biotek Synergy II Plate reader equipped with injection, and 

luminescence was measured. All compounds were used at 30 µM.  

 

ATP assay 

An ATP assay (indicative of cell metabolism) was used as a measure of cell viability. 

ATP was measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega).   

An equal volume of reagent was added to each well (i.e. 100 µL of reagent was added to 

a well containing 100 µL of cell culture media).  Plates were rotated for 2 min at room 

temperature then incubated for 10 min at room temperature.  100 µl of the solution was 

transferred from clear walled tissue culture plates to opaque walled assay plates, and 

luminescence was measured using a Biotek Synergy II plate reader (Winooski, VT). 

 

GLuc-ERS library 

A GLuc-ERS library was created by fusing the last seven amino acids from human 

proteins to the C-terminus of GLuc with a MANF N-terminal signal peptide as described 

in Chapter 1. Expression of each GLuc-ERS construct in SH-SY5Y was achieved via 
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reverse transfection using Xfect (Clontech). Briefly, transfection complexes containing 

200 ng of plasmid DNA and 0.06 µL of Xfect in a final volume of 10 µL were added to 

opaque TC-treated 96-well plates. 5 x 104 cells in 90 µL of antibiotic-free cell culture 

media were plated on top of the transfection complexes. Cells were incubated for 48 h 

before treatment with 200 nM thapsigargin or the start of oxygen-glucose deprivation. At 

the conclusion of the experiment, both cell culture media and cell lysates were collected 

and assayed for GLuc. 5 µL of media was collected into an opaque walled plate and 

assayed as described above. Cell lysates were collected following the complete removal 

of cell culture media and a rinse with 1x PBS (Gibco) at which point 75 µL of lysis 

buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP40, and 1x protease inhibitor cocktail 

(Sigma) was added to the well. Cells were lysed in and GLuc was assayed from the 

original culture plate. Secretion index refers to the ratio of extracellular GLuc to 

intracellular GLuc.     

 

Extracellular protein assays 

SH-SY5Y cells were plated and maintained as above. A full media exchange into growth 

media containing 1.5% BGS was performed 28 h after plating. 200 nM of Tg was added 

16 h after the full media exchange. Drug B (20 µM) was added either 30 min prior to Tg 

addition or 1 h after Tg. Drug B/vehicle treatments were done as pre-treatments with 

Drug B being added 30 min prior to treatment with vehicle. Cell culture media was 

collected 8 h after the addition of Tg. Collected media samples were centrifuged at 4°C 

for 5 min at 1000x g and stored at -80°C until the time of use.  
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Extracellular esterase assay 

At the start of the experiment, cells were plated with 5 x 104 cells/well in a 96-well plate. 

For esterase assays, at the time of drug treatment a full media exchange was performed 

into esterase assay medium (150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 20 mM HEPES, 1 

mM CaCl2, and 1.9 g/L glucose).  Fluorescence produced by the interaction of esterases 

with an esterase substrate, fluorescein di-(1-methylcyclopropanecarboxymethyl ether) 

was quantified by a BioTek Synergy H2 plate reader (Excitation 465 nm/Emission 528 

nm) as previously described in Chapter 3 (255).  Briefly, 50 µL of cell culture medium 

was transferred to a black walled clear bottomed plate (Perkin Elmer). 50 µL of 100 µM 

esterase substrate (pH 5) was added to each well and fluorescence was measured 1 h after 

substrate addition. For all esterase measurements cells were maintained in phenol red-free 

and serum-free esterase assay media for 8 h prior to media collection.  

 

Extracellular MANF Homogenous Time Resolved Fluorescence (HTRF) assay   

Cells were plated with 6.3 x 105 cells/well in a 12-well plate at the start of the experiment. 

The concentration of MANF in cell culture media samples was determined using a 

MANF HTRF assay according to the manufacturer’s instructions (Cisbio). Briefly, media 

samples were diluted 1:2 in the provided dilution buffer. 16 µL of media sample, 2 µL of 

anti-Human MANF-d2 antibody, and 2 µL of anti-Human-Eu3+ cryptate antibody were 

incubated together in a white plate for 24 h before fluorescence was measured at 665 nm 

and 620 nm. Sample readouts were compared to a MANF standard curve to determine the 

amount of MANF in each sample.  
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Extracellular PDI assay 

Cells were plated with 6.3 x 105 cells/well in a 12-well plate at the start of the experiment. 

Magnetic Protein A beads (SureBeads, Bio-Rad) were washed with PBS + 0.1% Tween 

(PBS-T) then incubated with PDI antibody (Abcam Cat. ab2792) diluted 1:100 in PBS-T 

for 10 min at room temperature. Beads were washed with PBS-T then incubated with 400 

µL of media for 1 h at room temperature. Beads were washed for a final time with PBS-T 

and then samples were eluted using 40 µL of 1x LDS (Thermo Fisher Scientific) and 

incubation at 70°C for 10 min. Equal volumes of samples were run on 4%-12% Bis-Tris 

NuPage gels (Thermo Fisher Scientific) using MOPS SDS running buffer (Thermo Fisher 

Scientific). Proteins were transferred to 0.45 µm PVDF membranes (Thermo Fisher 

Scientific) and immunoblotted with PDI primary antibody (Abcam Cat. ab2792) and goat 

anti-mouse secondary (Rockland Cat. 610-130-121). Blots were scanned using an 

Odyssey scanner. 

 

Oxygen-glucose deprivation (OGD) 

SH-SY5Y cells were reverse transfected as described above and incubated for 48 h 

before beginning the OGD procedure.  For plates subjected to OGD, DMEM (10% FBS; 

without Glucose) was deoxygenated by bubbling a gas mixture containing 5% CO2, 10% 

H2, 85% N2 air mixture through a glass filter stick (ACE Glass, Vineland NJ) for 15 min. 

Compounds were added to the deoxygenated media and immediately added to the plate 

by complete media exchange. The plates were placed into hypoxia chamber (Billups-

Rothenberg, Modular Incubator Chamber) and the air inside the chamber was replaced 

with a 5% CO2, 10% H2, 85% N2 air mixture to remove oxygen. The hypoxia chamber 
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was returned to the 37oC incubator. After 16 h of oxygen-glucose deprivation, the 

deoxygenated medium was exchanged with complete growth media and plates were 

returned to normoxic incubator conditions (reperfusion). For normoxia control plates, all 

medium exchanges occurred concurrently with OGD samples, using standard culture 

medium and returning the cells to oxygen-containing incubators (ambient air, 5% CO2). 

Luciferase levels in 5 µL culture medium or 75 µL cell lysate was assayed as described 

above. For endogenous esterase experiments, the reperfusion media exchange consisted 

of a full media exchange into esterase assay medium and media was collected 8 h after 

reperfusion.   

 

In Vivo Distal Middle Cerebral Artery Occlusion (MCAO) 

Animals surgeries were done in accordance with the animal care guidelines of the 

National Health Research Institutes, Taiwan. Rats were subjected to middle cerebral 

artery occlusion (MCAO) as described previously (246) Adult male Sprague-Dawley rats 

were anesthetized with an intraperitoneal injection of chloral hydrate (0.4 g/kg). 15 min 

prior to artery occlusion, rats were given either a vehicle (20 µL saline, n=6), dantrolene 

(3 mM x 20 µL, n=6), or Drug B (1.5 mM x 20 µL, n=6) injection 

intracerebroventricularly (ICV), contralateral to the ischemic hemisphere. The speed of 

the injection was 2.5 µL/min and was controlled by a syringe pump. The needle was 

retained in place for 5 min following the injection. The bilateral common carotid arteries 

(CCAs) were isolated through a ventral midline cervical incision. Rats were placed in a 

stereotaxic apparatus, and a craniotomy was made over the right hemisphere. The right 

middle cerebral artery (MCA) was ligated with a 10-0 suture, and bilateral CCAs were 
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ligated with arterial clamps for 60 min. After 60 min of ischemia, the suture around the 

MCA and arterial clips were removed. After recovery from anesthesia, the rats were 

returned to their home cage.  Core body temperature was maintained at 37C throughout 

the procedure and anesthesia recovery. 

 

Behavioral Assay 

Two days after MCAO body asymmetry was analyzed using an elevated body asymmetry 

test (256). Rats were examined for lateral movement/turning while their bodies were 

suspended by their tail 20 cm above the testing table. The frequency of initial turning of 

the head or upper body contralateral to the ischemic side was counted in 20 consecutive 

trials. The maximum impairment in body asymmetry is 20 contralateral turns in 20 trials. 

Normal body asymmetry is 10 contralateral turns in 20 trials (animals turn in either 

direction with equal frequency). 

 

Triphenyltetrazolium chloride (TTC) staining 

Two days after MCAO, animals were culled by decapitation. The brains were removed, 

immersed in cold saline for 5 min, and sliced into 2.0 mm thick sections. The brain slices 

were incubated in 2% triphenyltetrazolium chloride (Sigma), dissolved in normal saline 

for 10 min at room temperature, and then transferred into a 5% formaldehyde solution for 

fixation. The area of infarction on each brain slice was measured double blind using a 

digital scanner and the Image Tools program (University of Texas Health Sciences 

Center). 
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Chapter 5: Concluding Remarks and Future Directions 

 

Endoplasmic reticulum (ER) homeostasis is essential for proper cell functioning. 

The ER is the site where protein folding, trafficking, and synthesis occur as well as where 

lipid and carbohydrate metabolism and drug detoxification take place. These critical 

processes are carried out by the luminal resident proteins of the ER. Previous studies 

linked changes in ER calcium levels to disrupted ER functioning and the aberrant 

secretion of some normally luminal ER proteins (62-64, 116). This work details the 

discovery and characterization of a cellular phenomenon in which ER calcium depletion 

triggers the redistribution of ER resident proteins from the lumen to the extracellular 

space. We have termed this mass secretion of proteins from the ER in response to a 

pathological condition “exodosis” and have identified both exogenous and endogenous 

reporters of exodosis. Furthermore, a high throughput screen identified drugs capable of 

attenuating exodosis with one drug, Drug B, preventing ER resident protein secretion 

following both thapsigargin treatment and exposure to ischemic conditions.   

We hypothesize that ER exodosis may have negative consequences for cellular 

health, as there is a loss of luminal ER proteins and a gain of function in the extracellular 

space. This gain of function outside of the cell could be detrimental if the secreted 

proteins contribute to inflammation or lead to aberrant activation of signaling pathways, 

but the extracellular localization of some ERS-containing proteins could have beneficial 

effects. For example, in rheumatoid arthritis BiP at the cell surface can stimulate tumor 

necrosis factor (TNF) production to promote inflammation, but BiP can also act as an 
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antigen to stimulate CD8-positive T cells leading to increased production of the anti-

inflammatory cytokine IL-10 (257, 258).  

In Chapters 2, 3, and 4, ER exodosis is seen in an in vitro model of ischemia 

implying that ERS-containing proteins are released from the cell following an ischemic 

injury. This could have implications for disease progression. As an ER resident protein 

with a putative ERS the secretion of neuroserpin may be regulated by ER calcium levels 

and increased following ischemia. Neuroserpin is a serine protease inhibitor whose 

primary target is tissue plasminogen activator (tPA) (259). Following an ischemic event, 

extracellular neuroserpin activity is increased and it is thought that this occurs in order to 

counteract the deleterious effects of tPA, including inflammation, excitotoxicity, and 

basal laminal degradation (260-263). Further, exogenously supplied neuroserpin has been 

demonstrated to decrease stroke volume and cell apoptosis in vivo as well as increase cell 

survival and decrease inflammatory responses in oxygen-glucose deprivation (OGD) 

models of ischemia in vitro (183, 260, 264). In order to gain a better understanding of the 

role neuroserpin plays in ischemia, it would be interesting to study neuroserpin-mediated 

inhibition of tPA in a model of ischemia following overexpression of neuroserpin with 

and without its ERS. Presumably, overexpression of neuroserpin ΔERS would result in 

increased neuroserpin secretion as compared to overexpression of full length neuroserpin, 

an outcome that could result in decreased tPA activity and increased cell survival in a 

model of ischemia. Towards this goal, we have created FLAG-tagged neuroserpin 

overexpression constructs to begin characterizing protein secretion in thapsigargin and 

OGD models. While we have chosen to begin studying neuroserpin, similar strategies 
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could be used to study other ERS-containing proteins in other disease models. Examining 

the functional consequences of exodosis is a priority for future experiments.      

The data presented in this dissertation supports a model whereby ER exodosis 

occurs in response to decreases in luminal ER calcium. While pharmacological depletion 

of ER calcium, as with thapsigargin (a known inhibitor of SERCA) leads to ER exodosis, 

models with a more complex etiology as related to ER calcium depletion lead to exodosis 

as well. As stated above, the data provided in Chapters 2, 3, and 4 suggests that ischemia 

triggers ER exodosis. While ischemia has previously been associated with ER calcium 

dysregulation the mechanism is not as unambiguous as with thapsigargin (244, 245). 

Given the wide variety of diseases associated with changes in ER calcium regulation, ER 

exodosis as a molecular mechanism of disease deserves further study. Towards this point, 

studies looking at ER exodosis in hyperthermia and Wolfram disease are underway. 

Currently, we have observed a hyperthermia-induced increase in GLuc-ASARTDL 

secretion that can be attenuated with dantrolene (Figure 5.1A). No such increase or 

attenuation is seen with GLuc-Untagged. Additionally, both PDI and MANF are elevated 

in the media of cells following incubation at 41°C (Figure 5.1B-C). Further studies need 

to be done to fully examine ER exodosis in the context of hyperthermia, including using a 

GECI to more directly assess ER calcium stores during hyperthermia, using dantrolene to 

attenuate endogenous protein secretion, and examining whether KDEL receptors are 

differentially regulated in hyperthermic conditions.  

Another disease model that is currently being investigated is Wolfram disease. 

Wolfram disease is a monogenic disorder caused by mutations in the WFS1 gene that are 

thought to affect ER calcium (265, 266). Our data looking at Wolfram disease is  
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Figure 5.1: Hyperthermia triggers ER exodosis. (A) Extracellular luminescence in media collected from 

SH-SY5Y cells stably expressing GLuc-ASARTDL or GLuc-Untagged following 24 h incubation at 41°C. 

Cells were treated with vehicle or 3 µM dantrolene and values are expressed relative to 37°C vehicle 

controls (mean ± SEM, n=21, 3 independent experiments, two-way ANOVA with Sidak’s multiple 

comparisons, ****p<0.0001). (B) PDI immunoprecipitation of SH-SY5Y cell culture media following 24 h 

incubation at 37°C or 41°C quantified by western blot densitometry and expressed as fold change in PDI 

(mean ± SEM, n=2, 2 independent experiments). (C) Fold change in extracellular MANF measured from 

SH-SY5Y cell culture media following 24 h incubation at 37°C or 41°C using an HTRF assay (mean ± 

SEM, n=3, 3 independent experiments).    
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preliminary but suggests that ER exodosis may occur. Using the biomarker described in 

Chapter 3 that is an indicator of ER exodosis and a previously characterized rat 

pancreatic beta cell line with doxycycline-induced WFS1 knockdown we show that 

extracellular esterase activity is increased following WFS1 knockdown (Figure 5.2A) 

(267). Furthermore, an examination of esterase activity in serum showed that patients 

with Wolfram disease have higher esterase levels than their parents (Figure 5.2B). This is 

intriguing data, but, given that Wolfram disease is an autosomal recessive disorder, 

comparing patients to their parents may not be the best course of study. Ideally, samples 

from an equal number of matched (age, sex, BMI, etc.) healthy donors would be tested to 

see if the difference in esterase levels is still present in a more well controlled 

experiment. While the cell line and patient data are suggestive of ER exodosis occurring 

in Wolfram disease more study is needed. The secretion of additional ER resident 

proteins, such as MANF and PDI (as seen in Chapters 2 and 4) should be examined as 

well as how treatment with blockers of ER calcium depletion (like dantrolene) affect this 

secretion.  An extension of these studies would be to use the Wolfram disease mouse line 

to look at circulating levels of ER resident proteins in comparison to control mice and 

determine whether any of the NCATS identified drugs, like Drug B, have beneficial 

effects (268). As Wolfram disease affects the pancreas, eyes, ears, and brain the ability to 

study exodosis in different cell types would be quite informative.  

A system in which ER exodosis could be monitored in specific cellular 

populations would be a powerful tool to selectively study the effects of pharmacological 

and physiological stressors in a wide variety of conditions. At present we are working on 

two different strategies to achieve this goal. Both strategies utilize the Cre-lox system,  
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Figure 5.2: Wolfram disease models are associated with increased extracellular ERS-containing 

esterases. (A) Carboxylesterase activity 48 h after doxycycline treatment of wild-type INS-1 rat pancreatic 

beta cells and INS-1 cells with tetracycline-inducible WFS1 knockdown. Fold change in media 

carboxylesterase activity as measured using a fluorescent substrate is shown (mean ± SD, n=21, 3 

independent experiments, two-way ANOVA with Sidak’s multiple comparisons, *p<0.0001). (B) 

Carboxylesterase activity in serum samples from patients with Wolfram disease and their parents, t-test, 

*p<0.05).  
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one using double-floxed inverted open reading frame (DIO) vectors and the other using a 

lox-stop-lox (lsl) system. By transfection, we have demonstrated that DIO-GLuc-

ASARTDL constructs and lsl-GLuc-ASARTDL constructs produce extracellular 

luminescence only in the presence of Cre (Figure 5.3A-B).  

In ventral midbrain (VM) primary cultures from dopamine transporter (DAT)-Cre 

animals, transduction with a DIO construct should limit GLuc expression to Cre positive 

DAT-expressing dopamine neurons (269). Accordingly, by immunocytochemistry, we 

observe GLuc expression only in tyrosine hydroxylase (TH, dopaminergic neuron 

marker) positive cells (Figure 5.4A). Not all dopaminergic neurons express GLuc, but 

GLuc is only found in dopaminergic neurons. Initial characterization with thapsigargin 

shows an increase in extracellular GLuc-ASARTDL following ER calcium depletion 

with no such increase being observed in GLuc-Untagged transduced cells (Figure 5.4B). 

This preliminary work must be further validated. Transducing VM cultures from wildtype 

rats with our DIO-GLuc vectors as well as testing “Cre-Off” GLuc constructs in our 

DAT-Cre VM cultures would help to confirm the cell specificity of our results. If this 

model continues to work well it could be used in more disease relevant models. For 

example, Parkinson’s disease is associated with dopamine neuron loss and some papers 

have suggested a link between improper calcium handling (possibly triggering exodosis) 

and dopamine neuron dysfunction (270-273). The strategy proposed above with DAT-

Cre animals and DIO-GLuc constructs would allow us to examine whether ER exodosis 

occurs in dopamine neurons in a model of Parkinson’s disease. As GLuc measurements 

can be monitored longitudinally, samples could be taken successively to look for both 

acute and long-term connections between exodosis and Parkinson’s disease. This  



114 

 

 

Figure 5.3: GLuc-ASARTDL Cre-dependent vectors only produce luminescence in the presence of 

Cre. (A) Luminescence in the media from SH-SY5Y cells transfected with lox-stop-lox GLuc-ASARTDL 

and a control vector or Cre (n=5). (B) Luminescence in the media from SH-SY5Y cells transfected with 

DIO-GLuc-ASARTDL and a control vector or Cre (n=6). 
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Figure 5.4: Within a mixed population of cells, GLuc activity can be monitored from dopaminergic 

neurons. Primary midbrain cultures from DAT-Cre rats were transduced with AAV-EF1α-DIO-GLuc-

Untagged or AAV-EF1α-DIO-GLuc-ASARTDL and the transgene was allowed to stabilize for one week. 

(A) 40x images from GLuc-ASARTDL transduced cells stained for GLuc, TH (tyrosine hydroxylase), and 

DAPI. The scale bar is 75 µm. (B) Luminescence in the media from cells treated with vehicle or 

thapsigargin for 24 h (mean ± SEM, n=18, 3 independent experiments).  
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example makes use of DAT-Cre animals and the transduction of primary cells, but the 

principle should be the same in any Cre driver line and should work in vivo by injection 

as well. Thus, this system could be used to study a disease like Wolfram syndrome 

(mentioned above) that affects multiple cell types to look at cell-type specific exodosis.   

Our second strategy towards monitoring cell-specific exodosis has immediate in 

vivo applications. We have produced an lsl-GLuc-ASARTDL mouse (mouse Rosa26-lox-

stop-lox-GLuc-ASARTDL) to generate cell-type specific GLuc-ASARTDL expression 

for in vivo assessment of ER exodosis. Again, only preliminary studies have been 

performed, but the results have been promising thus far with initial images from an lsl-

GLuc-ASARDL x DAT-Cre cross showing GLuc staining that co-localizes with tyrosine 

hydroxylase staining in the midbrain (Figure 5.5). Further study is needed to confirm the 

restriction of GLuc expression to dopaminergic neurons and animals that are GLuc-

positive and Cre-negative need to be included in future experiments. Crosses between the 

lsl-GLuc-ASARTDL mice and Cre driver lines (DAT-Cre, Nestin-Cre, albumin-Cre) are 

currently underway and further characterization will follow. Development of these Cre-

dependent models could contribute to our understanding of exodosis in a tissue-specific 

and cell type-specific manner. 

While we hypothesize that ER exodosis could occur in various cell types, the 

composition of the ER proteome in each cell type may differ. In fact, given how 

extracellular esterase activity varies between cell lines (even two liver cell lines) this 

seems likely (Figure 3.3B). Our mass spectrometry and Western blot data in Chapter 2 

indicate that in SH-SY5Y cells at least 21 ERS-containing proteins are secreted in 

response to ER calcium depletion. In other cell types (e.g. liver cells, kidney cells, etc.)  
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Figure 5.5: Initial characterization of an lsl-GLuc-ASARTDL x DAT-Cre mouse. 40x images from the 

midbrain of Cre positive mice that are not positive for GLuc (top) or are positive for GLuc (bottom). The 

GLuc +, Cre + mice show co-localization of GLuc and TH (tyrosine hydroxylase) staining. This data was 

produced in collaboration with Lamarque Coke. 

  



118 

 

the number and identity of ERS-containing proteins secreted in response to ER calcium 

depletion may differ. In this work we studied 94 different C-terminal motifs and assessed 

their ability to act as an ERS using GLuc as a reporter protein. In Figure 2.1B we created 

a sequence logo to demonstrate the frequency with which particular amino acids appear 

in an ERS. Of note are the facts that the sequence logo is restricted to the data set that we 

are testing and that no inferences can be made about the interactions between amino 

acids. We have demonstrated that even single amino acid substitutions can alter the 

ability of a sequence to act as an ERS. For example, a systematic examination of 

TAEKDEL (Thr-Ala-Glu-Lys-Asp-Glu-Leu) using alanine substitutions revealed that an 

alanine in the -1 or -2 position diminished the capacity of the tail to function as an ERS 

(Figure 5.6). Given the sheer number of possible 7 amino acid combinations, the creation 

and testing of all C-terminal tails is not practical. Continuing to explore ERS and what 

amino acid sequences confer secretion in response to ER calcium depletion could aid in 

establishing a more well-informed picture of the cellular response to a loss of luminal ER 

calcium. Our current data does not reflect the entire composition of the ER proteome nor 

does it even include ERS from all of the known soluble proteins with signal peptides, but 

our approach, while inherently biased, is still useful.  

A machine-based learning algorithm is in development as a way to predict ERS 

functioning from a provided seven amino acid sequence without wet-lab experimental 

testing. We have now produced and characterized 200 different GLuc-ERS constructs to 

aid in the development of a machine learning paradigm using recurrent neural networks. 

In the future, this algorithm could be used as a predictive tool to identify putative ERS. 

Classifying proteins by the presence of an ERS could promote further study into the  
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Figure 5.6: Characterizing the secretion of alanine substituted GLuc-TAEKDEL proteins. Fold 

change in secretion of GLuc fusion proteins with TAEKDEL-like carboxy terminal tails from transiently 

transfected SH-SY5Y cells following 8 h of Tg-induced ER calcium depletion with or without a dantrolene 

pre-treatment (mean ± SEM, n=36, 4 independent experiments). 
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regulation and secretion of such proteins. For example, some proteins with a predicted 

ERS do not have a predicted signal peptide. This is an interesting contradiction that 

deserves further study. These proteins could interact with KDEL receptors at the plasma 

membrane, playing a role in downstream signaling stemming from the GPCR-like 

activities of the KDEL receptors. Additionally, a recently published paper presents the 

crystal structure of chicken KDELR2 (120). This represents an opportunity to model the 

physical interaction between ERS and KDEL receptors. Our data hints at the possibility 

that ERS may interact more readily with one KDEL receptor isoform over another, but it 

would be useful to be able to examine preferential ERS binding in silico (Figure A.4). 

Currently, the crystal structures for KDELR1 and KDELR3 are not resolved in any 

species, but the computer model could be refined once the crystal structures for these 

receptors are determined.   

The redistribution of proteins from the ER lumen to the extracellular space in 

response to ER calcium depletion represents a mechanism of disease that could have 

clinical applications. As previously mentioned, a number of diseases are associated with 

ER calcium dysregulation (190). However, a number of diseases have also been shown to 

have increased circulating levels of ERS-containing proteins (Table A.5). In Chapter 3 

we highlight the use of ERS-containing esterases as a biomarker of ER exodosis and ER 

calcium depletion, but other ERS-containing proteins may also be potential biomarkers. 

Additionally, proteins that interact with ERS-containing proteins could have diagnostic 

value as well. C-reactive protein (CRP) is a commonly measured blood test marker that is 

retained in the ER via interactions with ERS-containing carboxylesterases (203, 209). In 

Chapter 3, we demonstrated that CRP was increased following a thapsigargin injection in 
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rats and that CRP presence and esterase activity are positively correlated in human 

samples (Figure A.10, Figure 3.6D). We then hypothesized about connections between 

inflammation, ER exodosis, and elevated CRP levels. It would be informative to follow-

up on the possible use of CRP as a marker of exodosis and ER calcium depletion given 

the commonplace clinical use of CRP assays. Knockdown or knockout of the reported 

CRP carboxylesterase binding partners with siRNA or CRISPR could determine whether 

these proteins are responsible for the normally low extracellular levels of CRP, while 

further characterization with other ER stressors (e.g. tunicamycin) could help to delineate 

a cause-and-effect relationship between ER calcium depletion and CRP secretion. 

Ascribing a new functional significance to elevated CRP levels could have implications 

for disease treatment and would be immediately applicable given the already widespread 

use of CRP in the clinic.  

Overall, this dissertation has begun elucidating the dynamic relationship between 

ER calcium and the ER proteome and linking this relationship to disease pathogenesis. 

As shown in Chapter 4, exodosis is a drug-targetable phenomenon with drugs like 

dantrolene and Drug B attenuating the release of ER resident proteins. In the context of 

our work regarding the ER, an examination of whether exodosis occurs in other 

organelles in response to cell stress could be informative, especially if drugs could be 

found to attenuate exodosis in these cases as well. For example, the release of protein 

damage-associated molecular patterns (DAMPs) from the mitochondria in response to 

cell injury or the loss of nuclear proteins following oxidative stress or inflammation may 

be indicative of an underlying mass departure of luminal organellar proteins in reaction to 

cell stress (274-276). The mechanisms and consequences of luminal protein release 
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deserve further study. The results contained in this dissertation can aid in future 

therapeutic interventions by contributing to our understanding of cellular responses 

following perturbations of ER calcium and providing new insight into the role of ER 

calcium depletion in disease. 
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APPENDIX 

 
Table A.1: ER retention sequence details. The names, genes, UniProt numbers, and molecular weights 

(M.W.) of each of the human proteins that correspond to the carboxy-terminal sequences of the ERS library 

examined in this study. The color of the amino acids reflects their charge. Positively charged amino acids 

are in red. Negatively charged amino acids are in green. Neutral amino acids are in dark blue. Amino acids 

that are usually neutral, but sometimes positive are in light blue. Reprinted with permission from Cell 

Reports (25), copyright 2018. 

  # Protein Name Gene UniProt  

M.W. 

(kDa) 

ER 

Localiz-

ation* Amino Acids 

                            

ER
S 

(-
) 

1 Protein OS-9 OS9 Q13438 75.6 - D L D E F D F 

2 

Pancreatic 

prohormone 

PPY  P01298 

10.4 - E L S P L D L 

3 

Adipocyte 

enhancer-binding 

protein 1 

AEBP1 Q14113 

131 - T V N F G D F 

4 Contactin-1 CNTN1  Q12860 113.3 - I L V Y L E F 

5 

"Untagged" 

Gaussia Luciferase Untagged Q9BLZ2 22   I K G A G G D 

6 

Insulin-like growth 

factor-binding 

protein 7 

IGFBP7 Q16270 

29.1 
- K G E G A E L 

7 

Uncharacterized 

protein C19orf18 

C19orf18 Q8NEA5  

24.1 - N G K M E D L 

8 

Golgi integral 

membrane protein 

4 

GOLPH4 O00461 

81.9 
- S H R R A E M 

9 

Neuronal 

pentraxin-2 

NPTX2 P47972 

47 - E E R L L D L 

10 

Complement C1q 

tumor necrosis 

factor-related 

protein 8 

C1QTNF8 P60827 

27.7 

- V K P A A E L 

11 

Complement C1q 

tumor necrosis 

factor-related 

protein 7 

C1QTNF7 Q9BXJ2 

30.7 

- I S E D D E L 

12 

Prostate and testis 

expressed protein 2 

PATE2 Q8WXA

2  

13 - D L C N E D L 

13 

Multiple inositol 

polyphosphate 

phosphatase 1 

MINPP1 Q9UNW

1  55.1 
- N S T S D E L 

14 

Acetylcholinestera

se 

ACHE P22303 

67.8 - Q D R C S D L 

15 

Protein kinase C-

binding protein 

NELL2 

NELL2 Q99435 

91.3 
- P Q C L Q E L 

16 

Secreted Ly-

6/uPAR-related 

protein 1 

SLURP1 P55000 

11.2 
- D L C N S E L 

17 Apolipoprotein L1 APOL1 O14791 44 - L Q A D Q E L 

18 

Pulmonary 

surfactant-

SFTPB  P07988 

42.1 - C I H S P D L 

http://www.uniprot.org/uniprot/Q13438
http://www.uniprot.org/uniprot/P01298
http://www.uniprot.org/uniprot/Q8IUX7
http://www.uniprot.org/uniprot/Q12860
http://www.uniprot.org/uniprot/Q16270
http://www.uniprot.org/uniprot/Q8NEA5
http://www.uniprot.org/uniprot/O00461
http://www.uniprot.org/uniprot/P47972
http://www.uniprot.org/uniprot/P60827
http://www.uniprot.org/uniprot/Q9BXJ2
http://www.uniprot.org/uniprot/Q8WXA2
http://www.uniprot.org/uniprot/Q8WXA2
http://www.uniprot.org/uniprot/Q9UNW1
http://www.uniprot.org/uniprot/Q9UNW1
http://www.uniprot.org/uniprot/P22303
http://www.uniprot.org/uniprot/Q99435
http://www.uniprot.org/uniprot/P55000
http://www.uniprot.org/uniprot/O14791
http://www.uniprot.org/uniprot/P07988
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associated protein 

B 

19 Contactin-2 CNTN2  Q02246 113.4 - L I G S L E L 
ER

S 
(+

) 

20 

Group XIIA 

secretory 

phospholipase A2 

PLA2G12

A 

Q9BZM1 

21.1 
- Y E E K T D L 

21 

A disintegrin and 

metalloproteinase 

with 

thrombospondin 

motifs 12 

ADAMTS

12  

P58397 

177.7 

+ L Q K S K E L 

22 

Sulfatase-

modifying factor 2 

SUMF2 Q8NBJ7  

33.8 - G R P P G E L 

23 

Protein disulfide-

isomerase A3 

PDIA3 P30101 

56.8 - K K A Q E D L 

24 Neuroserpin SERPINI1 Q99574 46.4 - G H D F E E L 

25 

Group XIIB 

secretory 

phospholipase A2-

like protein 

PLA2G12

B 

Q9BX93 

21.7 

+ E E E K E E L 

26 

Methionine-R-

sulfoxide reductase 

B3 

MSRB3 Q8IXL7 

20.7 
+ Q A D K A E L 

27 

Cysteine-rich with 

EGF-like domain 

protein 2 

CRELD2 Q6UXH1 

38.2 
+ L P S R E D L 

28 

Protein canopy 

homolog 4 

CNPY4 Q8N129 

28.3 + K L D R E D L 

29 

Glutathione 

peroxidase 8 

GPX8 Q8TED1  

23.9 + I K K K E D L 

30 

Glutathione 

peroxidase 7 

GPX7 Q96SL4 

21 + L L K R E D L 

31 

Hypoxia up-

regulated protein 1 

HYOU1 Q9Y4L1  

111.3 + P L K N D E L 

32 

C4b-binding 

protein alpha chain 

C4BPA P04003 

67 + S T L D K E L 

33 

Protein canopy 

homolog 3 

TNRC5 Q9BT09  

30.7 - H S P P D E L 

34 

Mesencephalic 

astrocyte-derived 

neurotrophic factor MANF 

P55145 20.7 
+ A S A R T D L 

35 

LDLR chaperone 

MESD 

MESDC2 Q14696 

26.1 + G N K R E D L 

36 
Neudesin 

NENF Q9UMX

5  

18.9 + F D I K D E F 

37 

GDP-fucose 

protein O-

fucosyltransferase 

1 

POFUT1 Q9H488 

44 

+ P K L R D E F 

38 

FAD-dependent 

oxidoreductase 

domain-containing 

protein 2 

FOXRED

2 

Q8IWF2  

77.8 

+ D S N K E E L 

39 

Marginal zone B- 

and B1-cell-

specific protein 

MZB1 Q8WU39  

20.7 
+ S A T R E E L 

40 

Endoplasmic 

reticulum resident 

protein 29  

ERP29 P30040 

29 
+ G A E K E E L 

http://www.uniprot.org/uniprot/Q02246
http://www.uniprot.org/uniprot/Q9BZM1
http://www.uniprot.org/uniprot/P58397#section_comments
http://www.uniprot.org/uniprot/Q8NBJ7
http://www.uniprot.org/uniprot/P30101
http://www.uniprot.org/uniprot/Q99574
http://www.uniprot.org/uniprot/Q9BX93
http://www.uniprot.org/uniprot/Q8IXL7
http://www.uniprot.org/uniprot/Q6UXH1
http://www.uniprot.org/uniprot/Q8N129
http://www.uniprot.org/uniprot/Q8TED1
http://www.uniprot.org/uniprot/Q96SL4
http://www.uniprot.org/uniprot/Q9Y4L1
http://www.uniprot.org/uniprot/P04003
http://www.uniprot.org/uniprot/Q9BT09
http://www.uniprot.org/uniprot/P55145
http://www.uniprot.org/uniprot/Q14696
http://www.uniprot.org/uniprot/Q9UMX5
http://www.uniprot.org/uniprot/Q9UMX5
http://www.uniprot.org/uniprot/Q9H488
http://www.uniprot.org/uniprot/Q8IWF2
http://www.uniprot.org/uniprot/Q8WU39
http://www.uniprot.org/uniprot/P30040
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41 

ER degradation-

enhancing alpha-

mannosidase-like 

protein 3 

EDEM3 Q9BZQ6 

104.7 

+ M M E K D E L 

42 

Liver 

carboxylesterase 1 

CES1 P23141 

62.5 + Q T E H I E L 

43 

45 kDa calcium-

binding protein 

SDF4 Q9BRK5 

41.8 + R S V H E E F 

44 

Glucosidase 2 

subunit beta 

PRKCSH P14314 

59.4 + E D D H D E L 

45 

Peptidyl-prolyl cis-

trans isomerase 

FKBP2 

FKBP2 P26885 

15.6 
+ I E R R T E L 

46 Reticulocalbin-2 RCN2 Q14257 36.9 + Y F Y H D E L 

47 

Carboxylic ester 

hydrolase 

CES 

hBR2 

Q8TDZ9  

62 + P T E H V E L 

48 

Protein disulfide-

isomerase A2 

PDIA2 Q13087 

58.2 + M G S K E E L 

49 

Stromal cell-

derived factor 2 

SDF2 Q99470 

23 + E A H H A E L 

50 Carboxylesterase 2 CES2 O00748 61.8 + E E R H T E L 

51 Olfactomedin-1 OLFM1 Q99784 55.3 - V I R S D E L 

52 

Cerebral dopamine 

neurotrophic 

factor1 

CDNF Q49AH0  

21 
  T H P K T E L 

53 
Serpin H1 

SERPINH

1 

P50454 

46.4 + D K M R D E L 

54 

Myeloid-derived 

growth factor 

MYDGF Q969H8 

18.8 + K A S R T E L 

55 

Prolyl 3-

hydroxylase 2 

LEPREL1 Q8IVL5 

81 + I N P K D E L 

56 Calreticulin-3 CALR3 Q96L12 45 + F H R R N E L 

57 

BiP/Grp78 and 

Endoplasmin/Grp9

4 

HSPA5, 

HSP90B1 

P11021, 

P14625 72.3, 

92.5 + T A E K D E L 

58 

UDP-glucose: 

glycoprotein 

glucosyltransferase 

1 

UGCGL1 Q9NYU2  

177.2 

+ P Q K R E E L 

59 

Peptidyl-prolyl cis-

trans isomerase 

FKBP14 

FKBP14 Q9NWM

8  24.2 
+ T Y K H D E L 

60 

Protein disulfide-

isomerase A4 

PDIA4 P13667 

72.9 + S R T K E E L 

61 

N-

sulphoglucosamine 

sulphohydrolase 

SGSH P51688 

56.7 
+ Q P L H N E L 

62 

Procollagen 

galactosyltransfera

se 1 

GLT25D1 Q8WUI9  

71.6 
+ S A A R D E L 

63 

Prenylcysteine 

oxidase 1 

PCYOX1 Q9UHG3  

56.6 + E K L K T E L 

64 

Protein disulfide-

isomerase A6 

PDIA6 Q15084 

48.1 + D L G K D E L 

65 

Peptidyl-prolyl cis-

trans isomerase 

FKBP7 

FKBP7 Q9Y680 

30 
+ V Y Q H D E L 

66 

Procollagen 

galactosyltransfera

se 2 

GLT25D2 Q8IYK4 

72.9 
+ V P S R D E L 

http://www.uniprot.org/uniprot/Q9BZQ6
http://www.uniprot.org/uniprot/P23141
http://www.uniprot.org/uniprot/Q9BRK5
http://www.uniprot.org/uniprot/P14314
http://www.uniprot.org/uniprot/P26885
http://www.uniprot.org/uniprot/Q14257
http://www.uniprot.org/uniprot/Q8TDZ9
http://www.uniprot.org/uniprot/Q13087
http://www.uniprot.org/uniprot/Q99470
http://www.uniprot.org/uniprot/O00748
http://www.uniprot.org/uniprot/Q99784
http://www.uniprot.org/uniprot/Q49AH0
http://www.uniprot.org/uniprot/P50454
http://www.uniprot.org/uniprot/Q969H8
http://www.uniprot.org/uniprot/Q8IVL5
http://www.uniprot.org/uniprot/Q96L12
http://www.uniprot.org/uniprot/P14625
http://www.uniprot.org/uniprot/P14625
http://www.uniprot.org/uniprot/Q9NYU2
http://www.uniprot.org/uniprot/Q9NWM8
http://www.uniprot.org/uniprot/Q9NWM8
http://www.uniprot.org/uniprot/P13667
http://www.uniprot.org/uniprot/P51688
http://www.uniprot.org/uniprot/Q8WUI9
http://www.uniprot.org/uniprot/Q9UHG3
http://www.uniprot.org/uniprot/Q15084
http://www.uniprot.org/uniprot/Q9Y680
http://www.uniprot.org/uniprot/Q8IYK4


126 

 

67 

BiP/Grp78 and 

Endoplasmin/Grp9

4 

HSPA5, 

HSP90B1 

P11021, 

P14625 72.3, 

92.5 + T A E K D E L 

68 

Peptidyl-prolyl cis-

trans isomerase 

FKBP10 

FKBP10 Q96AY3  

64.2 
+ E R V H E E L 

69 

Protein disulfide-

isomerase 

P4HB P07237 

57.1 + K A V K D E L 

70 

UDP-glucose: 

glycoprotein 

glucosyltransferase 

2 

UGCGL2 Q9NYU1  

174.7 

+ I L T H D E L 

71 

Protein disulfide-

isomerase-like 

protein of the testis 

PDILT Q8IVQ5 

66.7 
+ P K V K E E L 

72 

KDEL motif-

containing protein 

1 

KDELC1 Q6UW63  

58 
+ K K T K D E L 

73 

Protein canopy 

homolog 2 

TMEM4 Q9Y2B0 

20.7 + H I S H D E L 

74 

Protein BLOC1S5-

TXNDC5 

TXNDC5 Q8NBS9 

47.6 + S Q A K D E L 

75 

Endoplasmic 

reticulum resident 

protein 44 

ERP44 Q9BS26 

47 
+ L R D R D E L 

76 

KDEL motif-

containing protein 

2 

KDELC2 Q7Z4H8 

58.6 
+ K P S R E E L 

77 Reticulocalbin-3 RCN3 Q96D15 37.5 + T R H H D E L 

78 

Prenylcysteine 

oxidase-like 

PCYOX1

L 

Q8NBM8 

54.6 + H K V K T E L 

79 

Prolyl 3-

hydroxylase 1 

LEPRE1 Q32P28 

83.4 + S K P K D E L 

80 

Prolyl 3-

hydroxylase 3 

LEPREL2 Q8IVL6 

81.8 + P R V R E E L 

81 Reticulocalbin-1 RCN1 Q15293 38.9 + T K N H D E L 

82 

DnaJ homolog 

subfamily C 

member 10 

DNAJC10 Q8IXB1 

91.1 
+ K R N K D E L 

83 

Endoplasmic 

reticulum resident 

protein 27 

ERP27 Q96DN0 

30.5 
+ K T P K V E L 

84 

Beta-1,3-

glucosyltransferase 

B3GALT

L 

Q6Y288 

56.6 + K G F R E E L 

85 

Protein disulfide-

isomerase A5 

PDIA5 Q14554 

59.6 + G K K K E E L 

86 

EGF domain-

specific O-linked 

N-

acetylglucosamine 

transferase 

AER61 Q5NDL2  

62 

+ K K K H D E L 

87 

Anterior gradient 

protein 2 homolog 

AGR2 O95994 

20 + K L L K T E L 

88 

Stromal cell-

derived factor 2-

like protein 1 

SDF2L1 Q9HCN8  

23.6 
+ S A G H D E L 

89 Calreticulin CALR P27797 48.1 + G Q A K D E L 

90 

Protein O-

glucosyltransferase 

1 

KTELC1 Q8N2T1  

46.2 
+ K M L K T E L 

http://www.uniprot.org/uniprot/P14625
http://www.uniprot.org/uniprot/P14625
http://www.uniprot.org/uniprot/Q96AY3
http://www.uniprot.org/uniprot/P07237
http://www.uniprot.org/uniprot/Q9NYU1
http://www.uniprot.org/uniprot/Q8N807
http://www.uniprot.org/uniprot/Q6UW63
http://www.uniprot.org/uniprot/Q9Y2B0
http://www.uniprot.org/uniprot/Q8NBS9
http://www.uniprot.org/uniprot/Q9BS26
http://www.uniprot.org/uniprot/Q7Z4H8
http://www.uniprot.org/uniprot/Q96D15
http://www.uniprot.org/uniprot/Q8NBM8
http://www.uniprot.org/uniprot/Q32P28
http://www.uniprot.org/uniprot/Q8IVL6
http://www.uniprot.org/uniprot/Q15293
http://www.uniprot.org/uniprot/Q8IXB1
http://www.uniprot.org/uniprot/Q96DN0
http://www.uniprot.org/uniprot/Q6Y288
http://www.uniprot.org/uniprot/Q14554
http://www.uniprot.org/uniprot/Q5NDL2
http://www.uniprot.org/uniprot/O95994
http://www.uniprot.org/uniprot/Q9HCN8
http://www.uniprot.org/uniprot/P27797
http://www.uniprot.org/uniprot/Q8NBL1
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91 Calumenin CALU O43852 37.1 + L V R H D E F 

92 

Alpha-2-

macroglobulin 

receptor-associated 

protein 

LRPAP1 P30533 

41.5 

+ R A R H N E L 

93 

Peptidyl-prolyl cis-

trans isomerase 

FKBP9 

FKBP9 O95302 

63.1 
+ E A K H D E L 

94 Protein FAM172A C5orf21 Q8WUF8  48 + R I K H E E L 

*As determined by Raykhel et al. (100)  

1. Not included in Raykhel et al. data                  

 

 

http://www.uniprot.org/uniprot/O43852
http://www.uniprot.org/uniprot/P30533
http://www.uniprot.org/uniprot/O95302
http://www.uniprot.org/uniprot/Q8WUF8
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Table A.2: In silico analysis of transcription factor binding sites in the human KDEL receptor genes 

using ConTra v2. Upper table: Explorative analysis of transcription factor binding sites in a 1.5-kb 

promoter region, showing the ten transcription factors with highest cumulative scores followed by scores 

for XBP. Lower table: Predicted XBP1 binding sites in the human KDEL receptor genes. Reprinted with 

permission from Cell Reports (25), copyright 2018. 
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Table A.3: Oligonucleotide sequences used to create GLuc plasmids with ER retention sequences. 

Reprinted with permission from Cell Reports (25), copyright 2018. 

Amino Acid 

Tail 

Oligo (Forward) 5’→3’ Oligo (Reverse) 5’→3’ 

STLDKEL ccggtggtgacAGCACACTCGACAAGGA

GTTGtaggg 

cgcgccctaCAACTCCTTGTCGAGTGTG

CTgtcacca 

EAHHAEL ccggtggtgacGAAGCCCACCATGCAGA

ACTCtaggg 

cgcgccctaGAGTTCTGCATGGTGGGCT

TCgtcacca 

LVRHDEF ccggtggtgacCTGGTCAGACACGACGAG

TTCtaggg 

cgcgccctaGAACTCGTCGTGTCTGACC

AGgtcacca 

VYQHDEL ccggtggtgacGTGTACCAGCACGACGAG

CTGtaggg 

cgcgccctaCAGCTCGTCGTGCTGGTAC

ACgtcacca 

EAKHDEL ccggtggtgacGAGGCTAAGCACGACGA

ACTTtaggg 

cgcgccctaAAGTTCGTCGTGCTTAGCCT

Cgtcacca 

TYKHDEL ccggtggtgacACATACAAACACGACGA

GCTGtaggg 

cgcgccctaCAGCTCGTCGTGTTTGTATG

Tgtcacca 

TKNHDEL ccggtggtgacACGAAAAACCACGACGA

ACTGtaggg 

cgcgccctaCAGTTCGTCGTGGTTTTTCG

Tgtcacca 

YFYHDEL ccggtggtgacTACTTTTACCACGACGAG

CTGtaggg 

cgcgccctaCAGCTCGTCGTGGTAAAAG

TAgtcacca 

TRHHDEL ccggtggtgacACTAGGCATCATGATGAA

CTTtaggg 

cgcgccctaAAGTTCATCATGATGCCTA

GTgtcacca 

EDDHDEL ccggtggtgacGAGGATGATCACGATGA

GCTCtaggg 

cgcgccctaGAGCTCATCGTGATCATCC

TCgtcacca 

ILTHDEL ccggtggtgacATTTTGACTCACGACGAG

CTTtaggg 

cgcgccctaAAGCTCGTCGTGAGTCAAA

ATgtcacca 

HISHDEL ccggtggtgacCACATCTCTCACGATGAG

CTTtaggg 

cgcgccctaAAGCTCATCGTGAGAGATG

TGgtcacca 

SAGHDEL ccggtggtgacTCAGCTGGCCATGACGAG

CTGtaggg 

cgcgccctaCAGCTCGTCATGGCCAGCT

GAgtcacca 

KKKHDEL ccggtggtgacAAGAAGAAACACGATGA

ACTCtaggg 

cgcgccctaGAGTTCATCGTGTTTCTTCT

Tgtcacca 

RSVHEEF ccggtggtgacCGATCAGTCCACGAGGAG

TTTtaggg 

cgcgccctaAAACTCCTCGTGGACTGAT

CGgtcacca 

ERVHEEL ccggtggtgacGAAAGGGTGCATGAAGA

GCTGtaggg 

cgcgccctaCAGCTCTTCATGCACCCTTT

Cgtcacca 

RIKHEEL ccggtggtgacCGCATTAAGCACGAAGA

GCTGtaggg 

cgcgccctaCAGCTCTTCGTGCTTAATGC

Ggtcacca 

QTEHIEL ccggtggtgacCAAACTGAGCATATAGAA

CTGtaggg 

cgcgccctaCAGTTCTATATGCTCAGTTT

Ggtcacca 

RARHNEL ccggtggtgacAGGGCCCGGCATAACGA

GCTGtaggg 

cgcgccctaCAGCTCGTTATGCCGGGCC

CTgtcacca 

QPLHNEL ccggtggtgacCAGCCACTGCATAATGAG

CTCtaggg 

cgcgccctaGAGCTCATTATGCAGTGGC

TGgtcacca 

EERHTEL ccggtggtgacGAGGAAAGGCACACAGA

GCTGtaggg 

cgcgccctaCAGCTCTGTGTGCCTTTCCT

Cgtcacca 

PTEHVEL ccggtggtgacCCAACCGAGCACGTAGA

GCTTtaggg 

cgcgccctaAAGCTCTACGTGCTCGGTT

GGgtcacca 

QADKAEL ccggtggtgacCAAGCTGATAAGGCAGA

GTTGtaggg 

cgcgccctaCAACTCTGCCTTATCAGCTT

Ggtcacca 

FDIKDEF ccggtggtgacTTCGACATCAAGGATGAG

TTCtaggg 

cgcgccctaGAACTCATCCTTGATGTCG

AAgtcacca 

KAVKDEL ccggtggtgacAAAGCCGTGAAAGACGA

GCTTtaggg 

cgcgccctaAAGCTCGTCTTTCACGGCTT

Tgtcacca 
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DLGKDEL ccggtggtgacGACCTCGGTAAGGACGA

ACTCtaggg 

cgcgccctaGAGTTCGTCCTTACCGAGG

TCgtcacca 

SQAKDEL ccggtggtgacTCACAGGCTAAGGACGA

ACTCtaggg 

cgcgccctaGAGTTCGTCCTTAGCCTGTG

Agtcacca 

KRNKDEL ccggtggtgacAAGCGAAATAAGGATGA

ACTCtaggg 

cgcgccctaGAGTTCATCCTTATTTCGCT

Tgtcacca 

GQAKDEL ccggtggtgacGGTCAGGCTAAGGACGA

GCTCtaggg 

cgcgccctaGAGCTCGTCCTTAGCCTGA

CCgtcacca 

TAEKDEL ccggtggtgacACGGCCGAGAAGGATGA

GCTCtaggg 

cgcgccctaGAGCTCATCCTTCTCGGCC

GTgtcacca 

TAEKDEL ccggtggtgacACGGCCGAGAAGGATGA

GCTCtaggg 

cgcgccctaGAGCTCATCCTTCTCGGCC

GTgtcacca 

SKPKDEL ccggtggtgacTCCAAGCCCAAAGATGAA

CTGtaggg 

cgcgccctaCAGTTCATCTTTGGGCTTGG

Agtcacca 

INPKDEL ccggtggtgacATTAATCCTAAAGACGAG

CTGtaggg 

cgcgccctaCAGCTCGTCTTTAGGATTA

ATgtcacca 

MMEKDEL ccggtggtgacATGATGGAGAAAGATGA

GCTGtaggg 

cgcgccctaCAGCTCATCTTTCTCCATCA

Tgtcacca 

KKTKDEL ccggtggtgacAAGAAGACAAAGGATGA

GCTGtaggg 

cgcgccctaCAGCTCATCCTTTGTCTTCT

Tgtcacca 

IKKKEDL ccggtggtgacATCAAGAAGAAGGAGGA

TCTGtaggg 

cgcgccctaCAGATCCTCCTTCTTCTTGA

Tgtcacca 

GAEKEEL ccggtggtgacGGAGCCGAGAAAGAGGA

GCTTtaggg 

cgcgccctaAAGCTCCTCTTTCTCGGCTC

Cgtcacca 

MGSKEEL ccggtggtgacATGGGCTCTAAAGAGGA

ACTTtaggg 

cgcgccctaAAGTTCCTCTTTAGAGCCC

ATgtcacca 

GKKKEEL ccggtggtgacGGGAAGAAGAAGGAAGA

GCTGtaggg 

cgcgccctaCAGCTCTTCCTTCTTCTTCC

Cgtcacca 

PKVKEEL ccggtggtgacCCTAAGGTGAAAGAGGA

GCTTtaggg 

cgcgccctaAAGCTCCTCTTTCACCTTAG

Ggtcacca 

SRTKEEL ccggtggtgacAGTAGGACCAAAGAAGA

ACTGtaggg 

cgcgccctaCAGTTCTTCTTTGGTCCTAC

Tgtcacca 

DSNKEEL ccggtggtgacGATTCCAACAAAGAGGA

ACTCtaggg 

cgcgccctaGAGTTCCTCTTTGTTGGAAT

Cgtcacca 

EEEKEEL ccggtggtgacGAGGAAGAAAAAGAGGA

ACTGtaggg 

cgcgccctaCAGTTCCTCTTTTTCTTCCT

Cgtcacca 

KLLKTEL ccggtggtgacAAACTCCTCAAGACCGAA

CTGtaggg 

cgcgccctaCAGTTCGGTCTTGAGGAGT

TTgtcacca 

EKLKTEL ccggtggtgacGAGAAGCTGAAAACCGA

GCTGtaggg 

cgcgccctaCAGCTCGGTTTTCAGCTTCT

Cgtcacca 

HKVKTEL ccggtggtgacCACAAAGTGAAGACCGA

GTTGtaggg 

cgcgccctaCAACTCGGTCTTCACTTTGT

Ggtcacca 

THPKTEL ccggtggtgacACTCATCCAAAGACCGAG

CTGtaggg 

cgcgccctaCAGCTCGGTCTTTGGATGA

GTgtcacca 

KMLKTEL ccggtggtgacAAGATGCTGAAGACTGA

GCTCtaggg 

cgcgccctaGAGCTCAGTCTTCAGCATC

TTgtcacca 

KTPKVEL ccggtggtgacAAGACCCCTAAAGTCGAA

CTCtaggg 

cgcgccctaGAGTTCGACTTTAGGGGTC

TTgtcacca 

PLKNDEL ccggtggtgacCCTCTCAAAAATGACGAG

CTGtaggg 

cgcgccctaCAGCTCGTCATTTTTGAGA

GGgtcacca 

PKLRDEF ccggtggtgacCCTAAGCTGCGCGACGAG

TTTtaggg 

cgcgccctaAAACTCGTCGCGCAGCTTA

GGgtcacca 

LRDRDEL ccggtggtgacTTGAGGGATCGCGACGAG

TTGtaggg 

cgcgccctaCAACTCGTCGCGATCCCTC

AAgtcacca 
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SAARDEL ccggtggtgacAGCGCCGCAAGGGACGA

ACTGtaggg 

cgcgccctaCAGTTCGTCCCTTGCGGCG

CTgtcacca 

VPSRDEL ccggtggtgacGTTCCATCTCGCGATGAG

CTTtaggg 

cgcgccctaAAGCTCATCGCGAGATGGA

ACgtcacca 

DKMRDEL ccggtggtgacGACAAGATGCGCGACGA

ACTGtaggg 

cgcgccctaCAGTTCGTCGCGCATCTTGT

Cgtcacca 

GNKREDL ccggtggtgacGGCAACAAGAGGGAGGA

TCTGtaggg 

cgcgccctaCAGATCCTCCCTCTTGTTGC

Cgtcacca 

LPSREDL ccggtggtgacCTGCCTAGTCGAGAGGAT

CTGtaggg 

cgcgccctaCAGATCCTCTCGACTAGGC

AGgtcacca 

KLDREDL ccggtggtgacAAGCTTGACAGAGAGGA

TCTGtaggg 

cgcgccctaCAGATCCTCTCTGTCAAGCT

Tgtcacca 

LLKREDL ccggtggtgacCTGCTGAAGCGCGAGGAT

CTGtaggg 

cgcgccctaCAGATCCTCGCGCTTCAGC

AGgtcacca 

KGFREEL ccggtggtgacAAGGGTTTCCGCGAAGAA

CTCtaggg 

cgcgccctaGAGTTCTTCGCGGAAACCC

TTgtcacca 

KPSREEL ccggtggtgacAAACCCTCACGAGAAGA

GCTGtaggg 

cgcgccctaCAGCTCTTCTCGTGAGGGTT

Tgtcacca 

PRVREEL ccggtggtgacCCCCGAGTCAGGGAAGA

GTTGtaggg 

cgcgccctaCAACTCTTCCCTGACTCGG

GGgtcacca 

PQKREEL ccggtggtgacCCACAGAAGCGAGAAGA

ACTCtaggg 

cgcgccctaGAGTTCTTCTCGCTTCTGTG

Ggtcacca 

SATREEL ccggtggtgacAGCGCCACACGGGAAGA

GCTGtaggg 

cgcgccctaCAGCTCTTCCCGTGTGGCG

CTgtcacca 

FHRRNEL ccggtggtgacTTCCACCGAAGGAATGAG

TTGtaggg 

cgcgccctaCAACTCATTCCTTCGGTGG

AAgtcacca 

KASRTEL ccggtggtgacAAAGCATCTAGGACTGAG

CTCtaggg 

cgcgccctaGAGCTCAGTCCTAGATGCT

TTgtcacca 

IERRTEL ccggtggtgacATCGAACGGAGAACCGA

ACTTtaggg 

cgcgccctaAAGTTCGGTTCTCCGTTCGA

Tgtcacca 

ASARTDL ccggtggtgacGCATCAGCTCGCACCGAC

CTGtagg 

cgcgccctaCAGGTCGGTGCGAGCTGAT

GCgtcacca 

LQKSKEL ccggtggtgacCTGCAAAAATCAAAGGA

GTTGtaggg 

cgcgccctaCAACTCCTTTGATTTTTGCA

Ggtcacca 

VKPAAEL ccggtggtgacGTCAAACCAGCTGCTGAA

CTGtaggg 

cgcgccctaCAGTTCAGCAGCTGGTTTG

ACgtcacca 

QDRCSDL ccggtggtgacCAGGACCGCTGCAGCGAC

CTGtaggg 

cgcgccctaCAGGTCGCTGCAGCGGTCC

TGgtcacca 

ISEDDEL ccggtggtgacATCTCTGAGGACGACGAA

CTCtaggg 

cgcgccctaGAGTTCGTCGTCCTCAGAG

ATgtcacca 

LQADQEL ccggtggtgacTTGCAGGCTGACCAGGAG

CTCtaggg 

cgcgccctaGAGCTCCTGGTCAGCCTGC

AAgtcacca 

DLDEFDF ccggtggtgacGATCTGGATGAATTTGAT

TTTtaggg 

cgcgccctaAAAATCAAATTCATCCAGA

TCgtcacca 

GHDFEEL ccggtggtgacGGCCACGACTTTGAGGAG

CTCtaggg 

cgcgccctaGAGCTCCTCAAAGTCGTGG

CCgtcacca 

TVNFGDF ccggtggtgacACCGTGAACTTCGGCGAC

TTCtaggg 

cgcgccctaGAAGTCGCCGAAGTTCACG

GTgtcacca 

KGEGAEL ccggtggtgacAAAGGTGAGGGCGCCGA

GCTCtaggg 

cgcgccctaGAGCTCGGCGCCCTCACCT

TTgtcacca 

YEEKTDL ccggtggtgacTATGAAGAGAAAACCGA

CCTCtaggg 

cgcgccctaGAGGTCGGTTTTCTCTTCAT

Agtcacca 

EERLLDL ccggtggtgacGAAGAGAGGCTGCTCGAT

CTCtaggg 

cgcgccctaGAGATCGAGCAGCCTCTCT

TCgtcacca 
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PQCLQEL ccggtggtgacCCTCAGTGTCTGCAGGAA

CTCtaggg 

cgcgccctaGAGTTCCTGCAGACACTGA

GGgtcacca 

NGKMEDL ccggtggtgacAACGGGAAAATGGAAGA

TCTTtaggg 

cgcgccctaAAGATCTTCCATTTTCCCGT

Tgtcacca 

DLCNEDL ccggtggtgacGACTTGTGCAACGAGGAC

CTGtaggg 

cgcgccctaCAGGTCCTCGTTGCACAAG

TCgtcacca 

DLCNSEL ccggtggtgacGACCTTTGTAACTCCGAA

CTGtaggg 

cgcgccctaCAGTTCGGAGTTACAAAGG

TCgtcacca 

HSPPDEL ccggtggtgacCACAGTCCTCCTGACGAA

TTGtaggg 

cgcgccctaCAATTCGTCAGGAGGACTG

TGgtcacca 

GRPPGEL ccggtggtgacGGCCGCCCTCCTGGCGAG

CTGtaggg 

cgcgccctaCAGCTCGCCAGGAGGGCGG

CCgtcacca 

ELSPLDL ccggtggtgacGAGCTGAGCCCCCTCGAT

CTGtaggg 

cgcgccctaCAGATCGAGGGGGCTCAGC

TCgtcacca 

KKAQEDL ccggtggtgacAAGAAGGCCCAGGAGGA

CCTG taggg 

cgcgccctaCAGGTCCTCCTGGGCCTTCT

Tgtcacca 

SHRRAEM ccggtggtgacAGTCACCGGAGAGCTGA

AATGtaggg 

cgcgccctaCATTTCAGCTCTCCGGTGAC

Tgtcacca 

VIRSDEL ccggtggtgacGTCATTCGGTCTGATGAG

CT\Gtaggg 

cgcgccctaCAGCTCATCAGACCGAATG

ACgtcacca 

NSTSDEL ccggtggtgacAACAGCACAAGCGATGA

GTTGtaggg 

cgcgccctaCAACTCATCGCTTGTGCTGT

Tgtcacca 

LIGSLEL ccggtggtgacCTCATCGGGAGCCTGGAA

CTGtaggg 

cgcgccctaCAGTTCCAGGCTCCCGATG

AGgtcacca 

CIHSPDL ccggtggtgacTGCATTCACTCCCCCGAT

CTCtaggg 

cgcgccctaGAGATCGGGGGAGTGAATG

CAgtcacca 

ILVYLEF ccggtggtgacATCCTGGTGTACCTGGAG

TTCtaggg 

cgcgccctaGAACTCCAGGTACACCAGG

ATgtcacca 
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Table A.4: Nucleotide sequences for all primers and hydrolysis probes. Reprinted with permission from 

Cell Reports (25), copyright 2018. 

Target Forward Reverse Probe 

Human 

KDELR1 

NC_000019 

tgctccttcaccacggtctg ggtgaagtcatgattgaccaggaacg agttcctggtcgttcccacagccattctg 

Human 

KDELR2 

NC_000007 

ctatgccacagtgtacctgatc agagaaatcgtgattaactaaaaatgag ctacgatggaaatcatgataccttccgag 

Human 

KDELR3 

NC_000022 

gaggtccaagtgctgcaagg cactgtaacataggcacagaggag caccaggtacctggacctgttcaccaa 

Human ASNS 

NM_001178077 

ggattggctgccttttatcagg ggcttctttcagctgcttcaac tggactccagcttggttgctgcc 

Human BiP 

NM_005347 

gttgtggccactaatggagatac ggagtttctgcacagctctattg acgctggtcaaagtcttctccaccca 

Human ERdj4 

NM_012328 

gccatgaagtaccaccctg ccactagtaaaagcactgtgtc ctgcaatctctctgaattttgcttcagc 

Human PRNAII 

NM_000937 

gcaccacgtccaatgacattg ggagccatcaaaggagatgac acggcttcaatgcccagcaccg 

Human Ube2i 

NM_003345 

gtgtgcctgtccatcttagag gctgggtcttggatatttggttc caaggactggaggccagccatcac 

Rat KDELR1 

NM_001017385.1 

cttgttcctttaccacggtgtgg ggtgaagtcatggttaaccaggaac agttcctcgttgttcctactgctgttttg 

Rat KDELR2 

NM_001013122 

ctacgccacggtgtacctgatc gtcatggttgactaggaatgagagg cctcctacaggaaccacaagaaactccac 

Rat KDELR3 

NP_001127546.1 

cctcctgtgtgcctatgtcacag ccattggtgcataactgtagttcacc cccagtgaccggcctttcctttc 

Rat ASNS 

U07202 

ggattggctgccttttatcagg ctccttgagttgcttcagcag tggactccagcttggttgctgcc 

Rat BiP 

NM_013083 

agtggtggccactaatggagac ggagtttctgcacagctctgttg cccgctgatcaaagtcttccccacccag 

Rat ERdj4 

NM_012699 

gccatgaagtaccaccctg ccattagtaaaagcactgtgtcc ctgcaatctctctgaattttgcttcagc 

Rat PRNAII 

(XM_001079162) 

tagtcctacctactccccaacttc agtagccaggagaagtgggag actcgcccaccagtcccacctact 

Rat Ube2i 

(NM_013050) 

gccaccactgtttcatccaaa gccgccagtccttgtcttc cgtgtatccttctggcacagtgtgc 

ASNS, asparagine synthetase; BiP, binding immunoglobulin protein; ERdj4, endoplasmic reticulum DnaJ 

4; PRNAII, RNA polymerase II; Ube2i, ubiquitin-conjugating enzyme E2I 
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Table A.5: Pathological conditions associated with increased circulating levels of ERS-containing 

proteins. 

Protein Model Human  

C-terminus 

Measurement Ref. 

Diabetes 

MANF Children aged 1-9 

recently diagnosed with 

T1D 

ASARTDL ELISA of serum (205) 

MANF 257 patients with normal 

glucose tolerance (71), 

newly diagnosed 

prediabetes (115), or 

T2D (71)   

ASARTDL ELISA of serum (178) 

SERPINH1/Hsp47 Healthy controls and 

diabetic patients with 

and without foot ulcers 

DKMRDEL ELISA of plasma (249) 

Myeloproliferative Disorders 

CALR 30 patients with MF in 

chronic phase, 10 age-

matched controls 

GQAKDEL ELISA of plasma (277) 

Rheumatoid Arthritis 

BiP/Grp78 20 RA patients and 20 

healthy controls 

TAEKDEL 2-DE, MS, Western 

blot of whole saliva 

(250) 

CALR 32 RA patients and 27 

healthy controls 

GQAKDEL ELISA of plasma 

and synovial fluid 

(181) 

TXNDC5 160 healthy patients and 

267 patients with 

rheumatoid arthritis 

SQAKDEL ELISA of serum (251) 

Smoking, Asthma, and Chronic Obstructive Pulmonary Disease (COPD) 

BiP/Grp78 Healthy never smokers 

and healthy chronic 

smokers 

TAEKDEL Western blot of 

bronchoalveolar 

lavage fluid (BALF) 

(176) 

BiP/Grp78 Human airway epithelial 

cells treated with 

cigarette smoke extract 

(CSE) 

TAEKDEL Western blot of cell 

culture media 

(176) 

BiP/Grp78 Ex-smokers with or 

without airflow 

obstruction 

TAEKDEL GeLC-MS/MS and 

Western blot of 

plasma 

(278) 

PDIA3 Healthy controls and 

asthma patients who are 

current smokers, ex-

smokers, or non-smokers 

KKAQEDL Proteomic analysis of 

sputum 

(279) 

CALR Healthy controls and 

asthma patients who are 

current smokers, ex-

smokers, or non-smokers 

GQAKDEL Proteomic analysis of 

sputum 

(279) 

Erp29 Healthy controls and 

asthma patients who are 

GAEKEEL Proteomic analysis of 

sputum 

(279) 
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current smokers, ex-

smokers, or non-smokers 

AGR2 Healthy controls and 

asthma patients who are 

current smokers, ex-

smokers, or non-smokers 

KLLKTEL Proteomic analysis of 

sputum 

(279) 

LRPAP1 Healthy controls and 

asthma patients who are 

current smokers, ex-

smokers, or non-smokers 

RARHNEL Proteomic analysis of 

sputum 

(279) 

Ischemia  

PDIA2 Oxygen glucose 

deprivation in SH-SY5Y 

cells 

MGSKEEL Immunoprecipitation 

of cell culture media 

(206) 

MANF Oxygen glucose 

deprivation in SH-SY5Y 

cells 

ASARTDL Homogeneous time 

resolved 

fluorescence assay 

(HTRF) of cell 

culture media 

(206) 

MYDGF Mice following sham 

surgery or myocardial 

infarction surgery 

KASRTEL LC-MS of plasma (280) 

MYDGF 10 patients with acute 

myocardial infarction 

and 10 control patients 

KASRTEL LC-MS of plasma (280) 

MYDGF 101 patients with ST-

segment elevation 

myocardial infarction 

and 20 control patients 

KASRTEL LC/MRM-MS of 

plasma 

(281) 

Metabolic Syndrome 

PDIA4 699 enrolled adults 

separated by rating on 

National Cholesterol 

Education Program 

Adult Treatment Panel 

III criteria for Asia 

Pacific  

SRTKEEL ELISA of serum (282) 

Cancer 

BiP/Grp78 Conditioned media from 

colon cancer cell lines  

TAEKDEL Western blot of 

concentrated cell 

culture media 

(283) 

AGR2 Normal male patients or 

patients with metastatic 

prostate cancer 

KLLKTEL ELISA of plasma (284) 

AGR2 Healthy control age-

matched women (61) 

and women at the time 

of ovarian cancer 

diagnosis (46) 

KLLKTEL ELISA of plasma (285) 
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AGR2 Pancreatic cancer 

patients and health 

controls of similar age 

and sex 

KLLKTEL ELISA of plasma (286) 

CALR 58 lung cancer patients 

and 40 healthy 

individuals 

GQAKDEL Chemiluminescent 

enzyme 

immunoassay 

(CLEIA) of serum 

(287) 

C4BPA Healthy volunteers, 

patients with pancreatic 

ductal adenocarcinoma 

(PDAC), and patients 

with pancreatitis 

STLDKEL ELISA of serum (288) 

Pneumonia 

SERPINH1/Hsp47 56 patients with 

pneumonia and 19 

healthy adult controls 

DKMRDEL ELISA of serum (252) 

PDIA3 Patients with acute lung 

injury with or without 

ventilator-associated 

pneumonia 

KKAQEDL HPLC-MS/MS of 

BALF 

(253) 

Sclerosis 

SERPINH1/Hsp47 54 Chinese patients with 

systemic sclerosis and 

38 age and gender-

matched healthy 

individuals 

DKMRDEL ELISA of plasma (289) 

Kidney Disease 

MANF Mice with or without 

nephrotic defects  

ASARTDL Western blot of urine (204) 

Takayasu arteritis (TA) 

C4BPA 18 active-phase TA 

patients, 25 inactive-

phase patients, and 20 

healthy controls 

STLDKEL ELISA of plasma (290) 

Lupus 

CALR Patients with systemic 

lupus erythematosus, 

other autoimmune 

diseases, or healthy 

controls 

GQAKDEL ELISA of serum (291) 

Acute Lung Injury 

Endoplasmin/Grp94 Normal subjects and 

patients with acute lung 

injury 

TAEKDEL HPLC-MS/MS of 

BALF 

(253) 

  



137 

 

 

Figure A.1: Characterization of GLuc-ERS secretion. (A) Raw extracellular GLuc luminescence (green) 

measured in cell culture media and raw intracellular GLuc measured in cell lysates (purple) of SH-SY5Y 

transiently transfected with GLuc fusion proteins and treated with vehicle (top graph) or 200 nM Tg 
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(bottom graph) for 24 h (n=9). (B) Fold change in secretion of GLuc fusion protein from transiently 

transfected SH-SY5Y following exposure to 3 µg/mL tunicamycin (n=6). (C) Fold change in secretion of 

GLuc fusion protein from transiently transfected SH-SY5Y following exposure to 300 µM DTT (n=6).  (D) 

SH-SY5Y cells transiently transfected with GLuc fusion proteins were treated with vehicle following a pre-

treatment with 500 nM brefeldin A (BFA) (top graph), or 50 μM dantrolene (bottom graph) (n=6 for BFA, 

n=6 for dantrolene). Reprinted with permission from Cell Reports (25), copyright 2018. 

  



139 

 

 

Figure A.2: Ingenuity Pathway Analysis of proteins with ERS (+) tails. (A) Software analysis of 

proteins with ERS (+) tails according to canonical pathways (significance calculated by Fisher’s exact test 

right-tailed). (B) Software analysis of proteins with ERS (+) tails according to functional classifications 

(significance calculated by Fisher’s exact test right-tailed). Reprinted with permission from Cell Reports 

(25), copyright 2018. 
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Figure A.3: Baseline KDEL receptor mRNA expression. Relative KDEL receptor mRNA expression 

was determined under control conditions (A-D) in vitro and (E-P) in tissue from adult Long-Evans rats 

(three males, three females) or embryonal brain tissue (E15, n=9). The KDEL receptor expression is given 

as 2-ddCq ± upper and lower limits (A-M) relative to dCt for KDELR1, or (N-P) relative to dCt for prefrontal 

cortex, showing variation in expression between tissues for (N) KDELR1, (O) KDELR2, and (P) KDELR3. 

Reprinted with permission from Cell Reports (25), copyright 2018. 



141 

 

 

Figure A.4: The effect of KDEL receptor overexpression on Tg-induced secretion for GLuc ERS 

reporters. Fold change in secretion of GLuc fusion proteins from transiently transfected SH-SY5Y cells 

overexpressing KDEL receptors (purple) or control vector (pink) following treatment with 200 nM Tg for 

24 h (n=4) for (A) KDELR1, (B) KDELR2, or (C) KDELR3 overexpression. Reprinted with permission 

from Cell Reports (25), copyright 2018. 
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Figure A.5: Supporting data for regulation of KDEL receptor expression. (A) SH-SY5Y, (B) rat 

primary cortical neurons, and (C) HEK293 cells were incubated in 3 µg/mL tunicamycin (Tun) for 8 h, and 

KDEL receptor expression was estimated using real-time RT-qPCR (n=3-9,*p<0.05, **p<0.01versus 

vehicle (Veh) treatment, two-way ANOVA and Tukey’s multiple comparisons test). (C, D) HEK293FT 

cells were incubated in 10 mM trimethoprim (TMP) and/or 1 µg/mL doxycycline (DOX) and mRNA levels 

of (C) BiP and ERdj4, or (D) KDELR receptors were determined (n=3). (E) KDEL receptor mRNA levels 

were determined in SH-SY5Y cells transfected with KDEL receptor siRNAs and treated with 100 nM Tg 

or vehicle for 8 h (n=3, **p<0.01, ***p<0.001, ****p<0.0001 versus group transfected with control 

(CTRL) siRNA and treated with vehicle; ###p<0.001, ####p<0.0001 versus CTRL siRNA + Tg treatment, 

two-way ANOVA followed by Tukey’s test). (F) Following a 1-h pretreatment in 0, 1, or 3 µM KIRA6, 

SH-SY5Y cells stably expressing GLuc-Untagged were incubated in 100 nM Tg or vehicle for 8 h, and the 

levels of secreted GLuc were estimated by measuring enzyme activity in the media using coelenterazine as 

the substrate (n=3). Reprinted with permission from Cell Reports (25), copyright 2018. 
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Figure A.6: The effects of oxygen glucose deprivation on SH-SY5Y cells. (A) MTS viability assay of 

SH-SY5Y-GLuc-ASARTDL cells 24 h after a 16 h exposure to control or OGD conditions with or without 

a 30 µM dantrolene treatment (n=8, two-way ANOVA with Bonferroni’s multiple comparisons test, 

p<0.001 for overall OGD effect, ***p<0.001 vehicle versus dantrolene). (B) Comparison of secretion for 

GLuc-ERS reporters after 8 h thapsigargin treatment or 16h OGD treatment. Each dot represents the mean 

of one tail (n=12 for Tg, n=15 for OGD, linear regression, p<0.0001 for ERS (+), p=0.0002 for ERS (-). 

Gray dots represent ERS (-) tails and black dots represent ERS (+) tails. (C) Fold change in secretion of 

GLuc fusion proteins 24 h after a 16 h exposure to normoxia with a 30 µM dantrolene treatment relative to 

a normoxia control without dantrolene (n=3). (D) GLuc activity in the media after exposure of SH-SY5Y-

GLuc-ASARTDL cells to normoxia control (Ctrl) conditions or OGD followed by 0, 8, or 24 h of 

reperfusion. Following the same conditions as in (D) the expression of (E) KDEL receptors or (F) unfolded 

protein response genes BiP, ERdj4, and ASNS (known to be upregulated by the ATF6, IRE1α/XBP1, and 

PERK pathways, respectively) were determined with real-time RT-qPCR (n=6-12, *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001 with two-way ANOVA and Tukey’s multiple comparison test). Reprinted 

with permission from Cell Reports (25), copyright 2018.
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Figure A.7: PLE is similar to human carboxylesterases. A boxshade plot comparing the amino acid 

sequence of PLE to human CES1 and CES2. Numbers refer to the locations of amino acids within the 

sequence. Boxes in dark gray with asterisks (*) indicate positions at which the amino acids are identical. 

Boxes in light gray indicate positions at which the amino acids are similar with a colon (:) indicating 

residues with strongly similar properties and a period (.) indicating residues with weakly similar properties. 

Reprinted with permission from Biomarkers (23), copyright 2018. 
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Figure A.8: Drug treatments have minimal effects on cell viability.  Cell viability was measured via 

ATP assay (top) and MTS assay (bottom) for each condition. (A, B) Viability of SH-SY5Y cells stably 

expressing GLuc-ASARTDL following 8 h of treatment with Tg (200nM) or vehicle (mean ± SEM, n=6, 2 
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independent experiments, t-test). (C, D) Viability of Hep3B cells following 8 h of treatment with vehicle, 

200 nM Tg, or 3 µg/mL tunicamycin (mean ± SEM, n=6, 2 independent experiments, one-way ANOVA 

with Dunnett’s multiple comparisons test). (E, F) Viability of SH-SY5Y cells following 8 h of treatment 

with vehicle, 100 nM Tg, or 3 µg/mL tunicamycin (mean ± SEM, n=9, 3 independent experiments, one-

way ANOVA with Dunnett’s multiple comparisons test) (G, H) Viability of Hep3B cells 8 h after CPA 

treatment (10 µM) with or without a 30 µM dantrolene pre-treatment (mean ± SEM, n=6, 2 independent 

experiments, two-way ANOVA with Bonferroni’s multiple comparisons test, *p<0.05 for vehicle:vehicle 

versus CPA:vehicle). (I, J) Viability of SH-SY5Y cells exposed to 16 h of OGD (or normoxia) with or 

without 30 µM dantrolene followed by 8 h of normoxia (mean ± SEM, n=6, 2 independent experiments, 

two-way ANOVA with Dunnett’s multiple comparisons test, #p<0.05, ###p<0.001, and ####p<0.0001 for 

overall OGD effect, **p<0.01 and ***p<0.001 for OGD vehicle versus dantrolene). Reprinted with 

permission from Biomarkers (23), copyright 2018. 
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Figure A.9: UPR genes are upregulated by Tg and tunicamycin. (A) Expression levels of UPR-

responsive genes BiP, ERdj4, and ASNS (mRNA analysis, 8 h, mean ± SD, n=3, two-way ANOVA with 

Dunnett’s multiple comparisons test, **p<0.01 and ****p<0.0001 vehicle versus treatment, ####p<0.0001 

Tg versus tunicamycin). (B) Fluorescent esterase activity in SH-SY5Y culture medium 8 h after 100 nM Tg 

or 3 µg/mL tunicamycin treatment (mean ± SEM, n=24, 3 independent experiments, one-way ANOVA 

with Dunn’s multiple comparisons test to vehicle, ****p<0.0001). (C) Expression levels of UPR-

responsive genes BiP, ERdj4, and ASNS (mRNA analysis, 8 h, mean ± SD n=3, two-way ANOVA with 

Dunnett’s multiple comparisons test, ****p<0.0001 vehicle versus treatment). Reprinted with permission 

from Biomarkers (23), copyright 2018. 
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Figure A.10: C-reactive protein levels in rat plasma increase following Tg treatment. (A) Tg (1 mg/kg, 

i.p.) or vehicle (i.p.) induced secretion of endogenous esterase and C-reactive protein in rat plasma relative 

to pre-Tg levels (mean ± SEM, n=5 Tg rats, n=6 vehicle rats, one-way ANOVA for esterase and CRP with 

Dunnett’s multiple comparisons test to pre-Tg, ****p<0.0001). (B) Concentration of albumin in rat plasma 

48 h after Tg or vehicle treatment (mean ± SEM, n=5 Tg rats, n=6 vehicle rats, unpaired two-tailed t-test, 

****p<0.0001). Reprinted with permission from Biomarkers (23), copyright 2018. 
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Figure A.11: Drug B and dantrolene attenuate thapsigargin-induced GLuc-ERS secretion. A 

comparison of the ability of 50µM dantrolene (mean, n=6, 2 independent experiments) and 20µM Drug B 

(mean, n=9, 3 independent experiments) to inhibit GLuc-ERS release in SH-SY5Y cells following an 8 h 

treatment with 200 nM thapsigargin.    



150 

 

References 

 

1. Pavelka M, Roth J. Nuclear Envelope and Rough Endoplasmic Reticulum. In: 

Pavelka M, Roth J, editors. Functional Ultrastructure: Atlas of Tissue Biology and 

Pathology. Vienna: Springer Vienna; 2010. doi: 10.1007/978-3-211-99390-3_17. 

 

2. Shibata Y, Voeltz GK, Rapoport TA. Rough sheets and Ssooth Ttbules. Cell. 

2006;126(3):435-9. doi: 10.1016/j.cell.2006.07.019. PubMed PMID: 16901774. 

 

3. Wiest DL, Burkhardt JK, Hester S, Hortsch M, Meyer DI, Argon Y. Membrane 

biogenesis during B cell differentiation: most endoplasmic reticulum proteins are 

expressed coordinately. The Journal of Cell Biology. 1990;110(5):1501-11. doi: 

10.1083/jcb.110.5.1501. PubMed PMID: 2335560. 

 

4. Terasaki M, Shemesh T, Kasthuri N, Klemm Robin W, Schalek R, Hayworth 

Kenneth J, Hand Arthur R, Yankova M, Huber G, Lichtman Jeff W, Rapoport Tom A, 

Kozlov Michael M. Stacked endoplasmic reticulum sheets are connected by helicoidal 

membrane motifs. Cell. 2013;154(2):285-96. doi: 10.1016/j.cell.2013.06.031. PubMed 

PMID: 23870120; PMCID: PMC3767119. 

 

5. Ishimura K, Fujita H. Light and electron microscopic immunohistochemistry of 

the localization of adrenal steroidogenic enzymes. Microscopy Research and Technique. 

1997;36(6):445-53. doi: 10.1002/(sici)1097-0029(19970315)36:6<445::aid-

jemt2>3.0.co;2-h. PubMed PMID: 9142691. 

 

6. Balasubramaniam S, Mitropoulos KA, Venkatesan S, Myant NB, Peters TJ, 

Postiglione A, Mancini M. Analytical fractionation of human liver microsomal fractions: 

Localization of cholesterol and of the enzymes relevant to its metabolism. Clinical 

Science. 1981;60(4):435. doi: 10.1042/cs0600435. PubMed PMID: 6166423. 

 

7. Nickerson PA. Formation of concentric whorls of rough endoplasmic reticulum in 

the adrenal gland of the Mongolian gerbil. Journal of Anatomy. 1977;124(Pt 2):383-91. 

PubMed PMID: 591434; PMCID: PMC1234842. 

 

8. Black VH, Russo JJ. Stereological analysis of the guinea pig adrenal: effects of 

dexamethasone and ACTH treatment with emphasis on the inner cortex. The American 

Journal of Anatomy. 1980;159(1):85-120. Epub 1980/09/01. doi: 

10.1002/aja.1001590108. PubMed PMID: 6255789. 

 

9. Csordás G, Renken C, Várnai P, Walter L, Weaver D, Buttle KF, Balla T, 

Mannella CA, Hajnóczky G. Structural and functional features and significance of the 

physical linkage between ER and mitochondria. The Journal of Cell Biology.  

2006;174(7):915-21. doi: 10.1083/jcb.200604016. PubMed PMID: 16982799. 

 

10. Eden ER, White IJ, Tsapara A, Futter CE. Membrane contacts between 

endosomes and ER provide sites for PTP1B-epidermal growth factor receptor interaction. 

https://doi.org/10.1016/j.cell.2006.07.019


151 

 

Nature cell biology. 2010;12(3):267-72. Epub 2010/02/02. doi: 10.1038/ncb2026. 

PubMed PMID: 20118922. 

 

11. Jacquier N, Choudhary V, Mari M, Toulmay A, Reggiori F, Schneiter R. Lipid 

droplets are functionally connected to the endoplasmic reticulum in Saccharomyces 

cerevisiae. Journal of Cell Science. 2011;124(Pt 14):2424-37. Epub 2011/06/23. doi: 

10.1242/jcs.076836. PubMed PMID: 21693588. 

 

12. West M, Zurek N, Hoenger A, Voeltz GK. A 3D analysis of yeast ER structure 

reveals how ER domains are organized by membrane curvature. The Journal of Cell 

Biology. 2011;193(2):333-46. doi: 10.1083/jcb.201011039. PubMed PMID: 21502358. 

 

13. Ladinsky MS, Mastronarde DN, McIntosh JR, Howell KE, Staehelin LA. Golgi 

structure in three dimensions: Functional insights from the normal rat kidney cell. The 

Journal of Cell Biology. 1999;144(6):1135. doi: 10.1083/jcb.144.6.1135. PubMed PMID: 

10087259; PMCID: PMC2150572. 

 

14. Kojima R, Endo T, Tamura Y. A phospholipid transfer function of ER-

mitochondria encounter structure revealed in vitro. Scientific Reports. 2016;6:30777. 

Epub 2016/07/30. doi: 10.1038/srep30777. PubMed PMID: 27469264; PMCID: 

PMC4965753. 

 

15. Hanada K, Kumagai K, Yasuda S, Miura Y, Kawano M, Fukasawa M, Nishijima 

M. Molecular machinery for non-vesicular trafficking of ceramide. Nature. 

2003;426(6968):803-9. doi: 10.1038/nature02188. PubMed PMID: 14685229. 

 

16. Kerkhofs M, Giorgi C, Marchi S, Seitaj B, Parys JB, Pinton P, Bultynck G, 

Bittremieux M. Alterations in Ca(2+) signalling via ER-mitochondria contact site 

remodelling in cancer. Advances in Experimental Medicine and Biology. 2017;997:225-

54. doi: 10.1007/978-981-10-4567-7_17. PubMed PMID: 28815534. 

 

17. Stephens SB, Nicchitta CV. Divergent regulation of protein synthesis in the 

cytosol and endoplasmic reticulum compartments of mammalian cells. Molecular 

Biology of the Cell. 2008;19(2):623-32. doi: 10.1091/mbc.e07-07-0677. PubMed PMID: 

18077556. 

 

18. Braakman I, Hebert DN. Protein folding in the endoplasmic reticulum. Cold 

Spring Harbor Perspectives in Biology. 2013;5(5):a013201-a. doi: 

10.1101/cshperspect.a013201. PubMed PMID: 23637286; PMCID: PMC3632058. 

 

19. Bulleid NJ. Disulfide bond formation in the mammalian endoplasmic reticulum. 

Cold Spring Harbor Perspectives in Biology. 2012;4(11):a013219. doi: 

10.1101/cshperspect.a013219. PubMed PMID: 23125019; PMCID: PMC3536336. 

 



152 

 

20. Hebert DN, Molinari M. In and out of the ER: protein folding, quality control, 

degradation, and related human diseases. Physiological Reviews. 2007;87(4):1377-408. 

Epub 2007/10/12. doi: 10.1152/physrev.00050.2006. PubMed PMID: 17928587. 

 

21. Sousa M, Parodi AJ. The molecular basis for the recognition of misfolded 

glycoproteins by the UDP-Glc:glycoprotein glucosyltransferase. The EMBO Journal. 

1995;14(17):4196-203. PubMed PMID: 7556060. 

 

22. Lippincott-Schwartz J, Bonifacino JS, Yuan LC, Klausner RD. Degradation from 

the endoplasmic reticulum: disposing of newly synthesized proteins. Cell. 

1988;54(2):209-20. Epub 1988/07/15. PubMed PMID: 3292055. 

 

23. Jacquemyn J, Cascalho A, Goodchild RE. The ins and outs of endoplasmic 

reticulum-controlled lipid biosynthesis. EMBO Reports. 2017;18(11):1905-21. doi: 

10.15252/embr.201643426. PubMed PMID: 29074503, PMCID: PMC5666603. 

 

24. Di Paolo G, De Camilli P. Phosphoinositides in cell regulation and membrane 

dynamics. Nature. 2006;443(7112):651-7. doi: 10.1038/nature05185. PubMed PMID: 

17035995. 

 

25. Fagone P, Jackowski S. Membrane phospholipid synthesis and endoplasmic 

reticulum function. Journal of Lipid Research. 2009;50 Suppl(Suppl):S311-S6. doi: 

10.1194/jlr.R800049-JLR200. PubMed PMID: 18952570. 

 

26. Csala M, Bánhegyi G, Benedetti A. Endoplasmic reticulum: A metabolic 

compartment. FEBS Letters. 2006;580(9):2160-5. doi: 10.1016/j.febslet.2006.03.050. 

PubMed PMID: 16580671. 

 

27. Cribb AE, Peyrou M, Muruganandan S, Schneider L. The endoplasmic reticulum 

in xenobiotic toxicity. Drug Metabolism Reviews. 2005;37(3):405-42. doi: 

10.1080/03602530500205135. PubMed PMID: 16257829. 

 

28. Brodie BB, Gillette JR, La Du BN. Enzymatic metabolism of drugs and other 

foreign compounds. Annual Review of Biochemistry. 1958;27(3):427-54. doi: 

10.1146/annurev.bi.27.070158.002235. PubMed PMID: 13571940. 

 

29. Remmer H. The role of the liver in drug metabolism. The American Journal of 

Medicine. 1970;49(5):617-29. doi: 10.1016/S0002-9343(70)80129-2. PubMed PMID: 

4924589. 

 

30. Berridge MJ, Bootman MD, Roderick HL. Calcium signalling: dynamics, 

homeostasis and remodelling. Nature Reviews Molecular Cell Biology. 2003;4(7):517-

29. doi: 10.1038/nrm1155. PubMed PMID: 12838335. 

 

31. Pinton P, Pozzan T, Rizzuto R. The Golgi apparatus is an inositol 1,4,5-

trisphosphate-sensitive Ca2+ store, with functional properties distinct from those of the 

https://doi.org/10.1016/S0002-9343(70)80129-2


153 

 

endoplasmic reticulum. The EMBO Journal. 1998;17(18):5298-308. doi: 

10.1093/emboj/17.18.5298. PubMed PMID: 9736609. 

 

32. Rodríguez A, Webster P, Ortego J, Andrews NW. Lysosomes behave as Ca2+-

regulated exocytic vesicles in fibroblasts and epithelial cells. The Journal of Cell Biology. 

1997;137(1):93. doi: 10.1083/jcb.137.1.93. PubMed PMID: 9105039; PMCID: 

PMC2139854. 

 

33. Gerasimenko JV, Tepikin AV, Petersen OH, Gerasimenko OV. Calcium uptake 

via endocytosis with rapid release from acidifying endosomes. Current Biology. 

1998;8(24):1335-8. doi: 10.1016/S0960-9822(07)00565-9. PubMed PMID: 9843688. 

 

34. Mitchell KJ, Pinton P, Varadi A, Tacchetti C, Ainscow EK, Pozzan T, Rizzuto R, 

Rutter GA. Dense core secretory vesicles revealed as a dynamic Ca(2+) store in 

neuroendocrine cells with a vesicle-associated membrane protein aequorin chimaera. The 

Journal of Cell Biology. 2001;155(1):41-51. doi: 10.1083/jcb.200103145. PubMed 

PMID: 11571310; PMCID: PMC2150797. 

 

35. Werth JL, Thayer SA. Mitochondria buffer physiological calcium loads in 

cultured rat dorsal root ganglion neurons. The Journal of Neuroscience. 1994;14(1):348. 

doi: 10.1523/JNEUROSCI.14-01-00348.1994. PubMed PMID: 8283242. 

 

36. Burdakov D, Petersen OH, Verkhratsky A. Intraluminal calcium as a primary 

regulator of endoplasmic reticulum function. Cell Calcium. 2005;38(3-4):303-10. doi: 

10.1016/j.ceca.2005.06.010. PubMed PMID: 16076486. 

 

37. Hofer AM, Schulz I. Quantification of intraluminal free [Ca] in the agonist-

sensitive internal calcium store using compartmentalized fluorescent indicators: some 

considerations. Cell Calcium. 1996;20(3):235-42. doi: 10.1016/S0143-4160(96)90029-9. 

PubMed PMID: 8894270. 

 

38. Mogami H, Tepikin AV, Petersen OH. Termination of cytosolic Ca2+ signals: 

Ca2+ reuptake into intracellular stores is regulated by the free Ca2+ concentration in the 

store lumen. The EMBO Journal. 1998;17(2):435-42. doi: 10.1093/emboj/17.2.435. 

PubMed PMID: 9430635. 

 

39. Robert V, De Giorgi F, Massimino ML, Cantini M, Pozzan T. Direct monitoring 

of the calcium concentration in the sarcoplasmic and endoplasmic reticulum of skeletal 

muscle myotubes. The Journal of Biological Chemistry. 1998;273(46):30372-8. doi: 

10.1074/jbc.273.46.30372. PubMed PMID: 9804801. 

 

40. Miyawaki A, Llopis J, Heim R, McCaffery JM, Adams JA, Ikura M, Tsien RY. 

Fluorescent indicators for Ca2+ based on green fluorescent proteins and calmodulin. 

Nature. 1997;388(6645):882-7. doi: 10.1038/42264. PubMed PMID: 9278050. 

 

https://doi.org/10.1016/S0960-9822(07)00565-9


154 

 

41. Taylor CW, Tovey SC. IP(3) Receptors: Toward Understanding Their Activation. 

Cold Spring Harbor perspectives in biology. 2010;2(12):a004010. doi: 

10.1101/cshperspect.a004010. PubMed PMID: PMC2982166. 

 

42. Lanner JT, Georgiou DK, Joshi AD, Hamilton SL. Ryanodine receptors: 

structure, expression, molecular details, and function in calcium release. Cold Spring 

Harbor Perspectives in Biology. 2010;2(11):a003996. doi: 10.1101/cshperspect.a003996. 

PubMed PMID: 20961976; PMCID: PMC2964179. 

 

43. Lytton J, Westlin M, Burk SE, Shull GE, MacLennan DH. Functional 

comparisons between isoforms of the sarcoplasmic or endoplasmic reticulum family of 

calcium pumps. Journal of Biological Chemistry. 1992;267(20):14483-9. PubMed PMID: 

1385815. 

 

44. Smith IC, Bombardier E, Vigna C, Tupling AR. ATP consumption by 

sarcoplasmic reticulum Ca(2)(+) pumps accounts for 40-50% of resting metabolic rate in 

mouse fast and slow twitch skeletal muscle. PloS One. 2013;8(7):e68924. doi: 

10.1371/journal.pone.0068924. PubMed PMID: 23840903; PMCID: PMC3698183. 

 

45. Chinet A, Decrouy A, Even PC. Ca(2+)-dependent heat production under basal 

and near-basal conditions in the mouse soleus muscle. The Journal of Physiology. 

1992;455:663-78. doi: 10.1113/jphysiol.1992.sp019321. PubMed PMID: 1484367. 

 

46. Brandl CJ, Green NM, Korczak B, MacLennan DH. Two Ca2+ ATPase genes: 

homologies and mechanistic implications of deduced amino acid sequences. Cell. 

1986;44(4):597-607. doi: 10.1016/0092-8674(86)90269-2. PubMed PMID: 2936465. 

 

47. Brandl CJ, deLeon S, Martin DR, MacLennan DH. Adult forms of the Ca2+ 

ATPase of sarcoplasmic reticulum. Expression in developing skeletal muscle. The 

Journal of Biological Chemistry. 1987;262(8):3768-74. PubMed PMID: 3029125. 

 

48. Anger M, Samuel JL, Marotte F, Wuytack F, Rappaport L, Lompre AM. The 

sarco(endo)plasmic reticulum Ca(2+)-ATPase mRNA isoform, SERCA 3, is expressed in 

endothelial and epithelial cells in various organs. FEBS Letters. 1993;334(1):45-8. doi: 

10.1016/0014-5793(93)81677-r. PubMed PMID: 8224225. 

 

49. Bobe R, Bredoux R, Corvazier E, Lacabaratz-Porret C, Martin V, Kovacs T, 

Enouf J. How many Ca(2)+ATPase isoforms are expressed in a cell type? A growing 

family of membrane proteins illustrated by studies in platelets. Platelets. 2005;16(3-

4):133-50. doi: 10.1080/09537100400016847. PubMed PMID: 16011958. 

 

50. Vandecaetsbeek I, Trekels M, De Maeyer M, Ceulemans H, Lescrinier E, 

Raeymaekers L, Wuytack F, Vangheluwe P. Structural basis for the high Ca2+ affinity of 

the ubiquitous SERCA2b Ca2+ pump. Proceedings of the National Academy of Sciences 

of the United States of America. 2009;106(44):18533-8. doi: 10.1073/pnas.0906797106. 

PubMed PMID: 19846779. 



155 

 

 

51. Ledbetter MW, Preiner JK, Louis CF, Mickelson JR. Tissue distribution of 

ryanodine receptor isoforms and alleles determined by reverse transcription polymerase 

chain reaction. The Journal of Biological Chemistry. 1994;269(50):31544-51. PubMed 

PMID: 7989322. 

 

52. Furuichi T, Yoshikawa S, Miyawaki A, Wada K, Maeda N, Mikoshiba K. 

Primary structure and functional expression of the inositol 1,4,5-trisphosphate-binding 

protein P400. Nature. 1989;342(6245):32-8. doi: 10.1038/342032a0. PubMed PMID: 

2554142. 

 

53. Sudhof TC, Newton CL, Archer BT, 3rd, Ushkaryov YA, Mignery GA. Structure 

of a novel InsP3 receptor. The EMBO Journal. 1991;10(11):3199-206. doi: 

10.1002/j.1460-2075.1991.tb04882.x. PubMed PMID: 1655411; PMCID: PMC453043. 

 

54. Blondel O, Takeda J, Janssen H, Seino S, Bell GI. Sequence and functional 

characterization of a third inositol trisphosphate receptor subtype, IP3R-3, expressed in 

pancreatic islets, kidney, gastrointestinal tract, and other tissues. Journal of Biological 

Chemistry. 1993;268(15):11356-63. PubMed PMID: 8388391. 

 

55. Endo M, Tanaka M, Ogawa Y. Calcium induced release of calcium from the 

sarcoplasmic reticulum of skinned skeletal muscle fibres. Nature. 1970;228(5266):34-6. 

doi: 10.1038/228034a0. PubMed PMID: 5456208. 

 

56. Lai FA, Erickson HP, Rousseau E, Liu Q-Y, Meissner G. Purification and 

reconstitution of the calcium release channel from skeletal muscle. Nature. 

1988;331(6154):315-9. doi: 10.1038/331315a0. PubMed PMID: 2448641. 

 

57. Goussakov I, Miller MB, Stutzmann GE. NMDA-mediated Ca(2+) influx drives 

aberrant ryanodine receptor activation in dendrites of young Alzheimer's disease mice. 

The Journal of Neuroscience. 2010;30(36):12128-37. doi: 10.1523/JNEUROSCI.2474-

10.2010. PubMed PMID: 20826675. 

 

58. Palade P, Mitchell RD, Fleischer S. Spontaneous calcium release from 

sarcoplasmic reticulum. General description and effects of calcium. The Journal of 

Biological Chemistry. 1983;258(13):8098-107. PubMed PMID: 6863278. 

 

59. Jiang D, Xiao B, Yang D, Wang R, Choi P, Zhang L, Cheng H, Chen SRW. RyR2 

mutations linked to ventricular tachycardia and sudden death reduce the threshold for 

store-overload-induced Ca2+ release (SOICR). Proceedings of the National Academy of 

Sciences of the United States of America. 2004;101(35):13062. doi: 

10.1073/pnas.0402388101. PubMed PMID: 15322274; PMCID: PMC516517. 

 

60. Neves SR, Ram PT, Iyengar R. G protein pathways. Science. 

2002;296(5573):1636-9. doi: 10.1126/science.1071550. PubMed PMID: 12040175. 

 



156 

 

61. Marchant JS, Taylor CW. Cooperative activation of IP3 receptors by sequential 

binding of IP3 and Ca2+ safeguards against spontaneous activity. Current Biology. 

1997;7(7):510-8. doi: 10.1016/S0960-9822(06)00222-3. PubMed PMID: 9210378. 

 

62. Jeffery J, Kendall JM, Campbell AK. Apoaequorin monitors degradation of 

endoplasmic reticulum (ER) proteins initiated by loss of ER Ca(2+). Biochemical and 

Biophysical Research Communications. 2000;268(3):711-5. doi: 

10.1006/bbrc.2000.2194. PubMed PMID: 10679270. 

 

63. Lodish HF, Kong N, Wikstrom L. Calcium is required for folding of newly made 

subunits of the asialoglycoprotein receptor within the endoplasmic reticulum. The Journal 

of Biological Chemistry. 1992;267(18):12753-60. PubMed PMID: 1618778. 

 

64. Prostko CR, Dholakia JN, Brostrom MA, Brostrom CO. Activation of the double-

stranded RNA-regulated protein kinase by depletion of endoplasmic reticular calcium 

stores. The Journal of Biological Chemistry. 1995;270(11):6211-5. doi: 

10.1074/jbc.270.11.6211. PubMed PMID 7890757.  

 

65. Paredes RM, Bollo M, Holstein D, Lechleiter JD. Luminal Ca2+ depletion during 

the unfolded protein response in Xenopus oocytes: cause and consequence. Cell Calcium. 

2013;53(4):286-96. doi: 10.1016/j.ceca.2013.01.002. PubMed PMID: 23415071. 

 

66. Lytton J, Westlin M, Hanley MR. Thapsigargin inhibits the sarcoplasmic or 

endoplasmic reticulum Ca-ATPase family of calcium pumps. The Journal of Biological 

Chemistry. 1991;266(26):17067-71. PubMed PMID: 1832668. 

 

67. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, Lee AS. ATF6 as a 

transcription activator of the endoplasmic reticulum stress element: thapsigargin stress-

induced changes and synergistic interactions with NF-Y and YY1. Molecular and 

Cellular Biology. 2000;20(14):5096-106. doi: 10.1128/mcb.20.14.5096-5106.2000. 

PubMed PMID: 10866666; PMCID: PMC85959. 

 

68. Cox JS, Shamu CE, Walter P. Transcriptional induction of genes encoding 

endoplasmic reticulum resident proteins requires a transmembrane protein kinase. Cell. 

1993;73(6):1197-206. doi: 10.1016/0092-8674(93)90648-A. PubMed PMID: 8513503. 

 

69. Mori K, Ma W, Gething MJ, Sambrook J. A transmembrane protein with a 

cdc2+/CDC28-related kinase activity is required for signaling from the ER to the nucleus. 

Cell. 1993;74(4):743-56. doi: 10.1016/0092-8674(93)90521-Q. PubMed PMID: 

8358794. 

 

70. Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Mammalian transcription factor 

ATF6 is synthesized as a transmembrane protein and activated by proteolysis in response 

to endoplasmic reticulum stress. Molecular Biology of the Cell. 1999;10(11):3787-99. 

doi: 10.1091/mbc.10.11.3787. PubMed PMID: 10564271; PMCID: PMC25679. 

 



157 

 

71. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction 

of BiP and ER stress transducers in the unfolded-protein response. Nature Cell Biology. 

2000;2(6):326-32. doi: 10.1038/35014014. PubMed PMID: 10854322. 

 

72. Rutkowski DT, Kaufman RJ. A trip to the ER: coping with stress. Trends in Cell 

Biology. 2004;14(1):20-8. doi: 10.1016/j.tcb.2003.11.001. PubMed PMID: 14729177. 

 

73. Hogan PG, Rao A. Store-operated calcium entry: Mechanisms and modulation. 

Biochemical and Biophysical Research Communications. 2015;460(1):40-9. doi: 

10.1016/j.bbrc.2015.02.110. PubMed PMID: 25998732. 

 

74. Brandman O, Liou J, Park WS, Meyer T. STIM2 is a feedback regulator that 

stabilizes basal cytosolic and endoplasmic reticulum Ca2+ levels. Cell. 

2007;131(7):1327-39. doi: 10.1016/j.cell.2007.11.039. PubMed PMID: 18160041. 

 

75. Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M, Zhang S, Safrina 

O, Kozak JA, Wagner SL, Cahalan MD, Veliçelebi G, Stauderman KA. STIM1, an 

essential and conserved component of store-operated Ca2+ channel function. The Journal 

of Cell Biology. 2005;169(3):435-45. doi: 10.1083/jcb.200502019. PubMed PMID: 

15866891. 

 

76. Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE, Jr., Meyer T. STIM is 

a Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Current Biology. 

2005;15(13):1235-41. doi: 10.1016/j.cub.2005.05.055. PubMed PMID: 16005298. 

 

77. Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B, Hogan PG, 

Lewis RS, Daly M, Rao A. A mutation in Orai1 causes immune deficiency by abrogating 

CRAC channel function. Nature. 2006;441(7090):179-85. doi: 10.1038/nature04702. 

PubMed PMID: 16582901. 

 

78. Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-Huberson M, Kraft S, 

Turner H, Fleig A, Penner R, Kinet JP. CRACM1 is a plasma membrane protein essential 

for store-operated Ca2+ entry. Science. 2006;312(5777):1220-3. doi: 

10.1126/science.1127883. PubMed PMID: 16645049. 

 

79. Zhang SL, Yeromin AV, Zhang XHF, Yu Y, Safrina O, Penna A, Roos J, 

Stauderman KA, Cahalan MD. Genome-wide RNAi screen of Ca(2+) influx identifies 

genes that regulate Ca(2+) release-activated Ca(2+) channel activity. Proceedings of the 

National Academy of Sciences of the United States of America. 2006;103(24):9357-62. 

doi: 10.1073/pnas.0603161103. PubMed PMID: 16751269. 

 

80. Lewis RS. The molecular choreography of a store-operated calcium channel. 

Nature. 2007;446(7133):284-7. doi: 10.1038/nature05637. PubMed PMID: 17361175. 

 

81. Smyth JT, Dehaven WI, Bird GS, Putney JW, Jr. Ca2+-store-dependent and -

independent reversal of Stim1 localization and function. Journal of Cell Science. 



158 

 

2008;121(Pt 6):762-72. doi: 10.1242/jcs.023903. PubMed PMID: 18285445; PMCID: 

PMC2587154. 

 

82. Paredes RM, Etzler JC, Watts LT, Zheng W, Lechleiter JD. Chemical calcium 

indicators. Methods. 2008;46(3):143-51. doi: 10.1016/j.ymeth.2008.09.025. PubMed 

PMID: 18929663; PMCID: PMC2666335. 

 

83. Samtleben S, Jaepel J, Fecher C, Andreska T, Rehberg M, Blum R. Direct 

imaging of ER calcium with targeted-esterase induced dye loading (TED). Journal of 

Visualized Experiments. 2013(75):e50317. Epub 2013/05/21. doi: 10.3791/50317. 

PubMed PMID: 23685703; PMCID: PMC3679584. 

 

84. Tian L, Hires SA, Looger LL. Imaging neuronal activity with genetically encoded 

calcium indicators. Cold Spring Harbor Protocols. 2012;2012(6):647-56. doi: 

10.1101/pdb.top069609. PubMed PMID: 22661439. 

 

85. Suzuki J, Kanemaru K, Ishii K, Ohkura M, Okubo Y, Iino M. Imaging 

intraorganellar Ca2+ at subcellular resolution using CEPIA. Nature Communications. 

2014;5:4153. doi: 10.1038/ncomms5153. PubMed PMID: 24923787; PMCID: 

PMC4082642. 

 

86. Henderson MJ, Baldwin HA, Werley CA, Boccardo S, Whitaker LR, Yan X, Holt 

GT, Schreiter ER, Looger LL, Cohen AE, Kim DS, Harvey BK. A low affinity GCaMP3 

variant (GCaMPer) for imaging the endoplasmic reticulum calcium store. PloS One. 

2015;10(10):e0139273. doi: 10.1371/journal.pone.0139273. PubMed PMID: 26451944; 

PMCID: PMC4599735. 

 

87. Petrova P, Raibekas A, Pevsner J, Vigo N, Anafi M, Moore MK, Peaire AE, 

Shridhar V, Smith DI, Kelly J, Durocher Y, Commissiong JW. MANF: a new 

mesencephalic, astrocyte-derived neurotrophic factor with selectivity for dopaminergic 

neurons. Journal of Molecular Neuroscience. 2003;20(2):173-88. doi: 

10.1385/JMN:20:2:173. PubMed PMID: 12794311. 

 

88. Tadimalla A, Belmont PJ, Thuerauf DJ, Glassy MS, Martindale JJ, Gude N, 

Sussman MA, Glembotski CC. Mesencephalic astrocyte-derived neurotrophic factor is an 

ischemia-inducible secreted endoplasmic reticulum stress response protein in the heart. 

Circulation research. 2008;103(11):1249-58. doi: 10.1161/CIRCRESAHA.108.180679. 

PubMed PMID: 18927462. 

 

89. Apostolou A, Shen Y, Liang Y, Luo J, Fang S. Armet, a UPR-upregulated 

protein, inhibits cell proliferation and ER stress-induced cell death. Experimental Cell 

Research. 2008;314(13):2454-67. doi: 10.1016/j.yexcr.2008.05.001. PubMed PMID: 

18561914. 

 

90. Glembotski CC, Thuerauf DJ, Huang C, Vekich JA, Gottlieb RA, Doroudgar S. 

Mesencephalic astrocyte-derived neurotrophic factor protects the heart from ischemic 

https://doi.org/10.1016/j.ymeth.2008.09.025


159 

 

damage and is selectively secreted upon sarco/endoplasmic reticulum calcium depletion. 

The Journal of Biological Chemistry. 2012;287(31):25893-904. doi: 

10.1074/jbc.M112.356345. PubMed PMID: 22637475; PMCID: PMC3406674. 

 

91. Oh-Hashi K, Tanaka K, Koga H, Hirata Y, Kiuchi K. Intracellular trafficking and 

secretion of mouse mesencephalic astrocyte-derived neurotrophic factor. Molecular and 

Cellular Biochemistry. 2012;363(1-2):35-41. doi: 10.1007/s11010-011-1155-0. PubMed 

PMID: 22120531. 

 

92. Henderson MJ, Richie CT, Airavaara M, Wang Y, Harvey BK. Mesencephalic 

astrocyte-derived neurotrophic factor (MANF) secretion and cell surface binding are 

modulated by KDEL receptors. The Journal of Biological Chemistry. 2013;288(6):4209-

25. doi: 10.1074/jbc.M112.400648. PubMed PMID: 23255601; PMCID: PMC3567670. 

 

93. Liu HS, Jan MS, Chou CK, Chen PH, Ke NJ. Is green fluorescent protein toxic to 

the living cells? Biochemical and Biophysical Research Communications. 

1999;260(3):712-7. doi: 10.1006/bbrc.1999.0954. PubMed PMID: 10403831. 

 

94. Tannous BA. Gaussia luciferase reporter assay for monitoring biological 

processes in culture and in vivo. Nature Protocols. 2009;4(4):582-91. doi: 

10.1038/nprot.2009.28. PubMed PMID: 19373229. 

 

95. Wurdinger T, Badr C, Pike L, de Kleine R, Weissleder R, Breakefield XO, 

Tannous BA. A secreted luciferase for ex vivo monitoring of in vivo processes. Nature 

Methods. 2008;5(2):171-3. doi: 10.1038/nmeth.1177. PubMed PMID: 18204457. 

 

96. Alanen HI, Raykhel IB, Luukas MJ, Salo KE, Ruddock LW. Beyond KDEL: the 

role of positions 5 and 6 in determining ER localization. Journal of Molecular Biology. 

2011;409(3):291-7. doi: S0022-2836(11)00373-1 [pii]10.1016/j.jmb.2011.03.070. 

PubMed PMID: 21477593. 

 

97. Henderson MJ, Wires ES, Trychta KA, Richie CT, Harvey BK. SERCaMP: a 

carboxy-terminal protein modification that enables monitoring of ER calcium 

homeostasis. Molecular Biology of the Cell. 2014;25(18):2828-39. doi: 

10.1091/mbc.E14-06-1141. PubMed PMID: 25031430; PMCID: PMC4161517. 

 

98. Henderson MJ, Wires ES, Trychta KA, Yan X, Harvey BK. Monitoring 

endoplasmic reticulum calcium homeostasis using a Gaussia luciferase SERCaMP. 

Journal of Visualized Experiments. 2015(103):e53199. doi: doi:10.3791/53199. PubMed 

PMID: 26383227; PMCID: PMC4692592. 

 

99. Wires ES, Trychta KA, Back S, Sulima A, Rice KC, Harvey BK. High fat diet 

disrupts endoplasmic reticulum calcium homeostasis in the rat liver. Journal of 

Hepatology. 2017. doi: 10.1016/j.jhep.2017.05.023. PubMed PMID: 28596111. 

 



160 

 

100. Raykhel I, Alanen H, Salo K, Jurvansuu J, Nguyen VD, Latva-Ranta M, Ruddock 

L. A molecular specificity code for the three mammalian KDEL receptors. Journal of 

Cell Biology. 2007;179(6):1193-204. doi: 10.1083/jcb.200705180. PubMed PMID: 

18086916; PMCID: PMC2140024. 

 

101. Munro S, Pelham HR. A C-terminal signal prevents secretion of luminal ER 

proteins. Cell. 1987;48(5):899-907. doi: 10.1016/0092-8674(87)90086-9. PubMed 

PMID: 3545499. 

 

102. Abrams EW, Cheng YL, Andrew DJ. Drosophila KDEL receptor function in the 

embryonic salivary gland and epidermis. PloS One. 2013;8(10):e77618. doi: 

10.1371/journal.pone.0077618. PubMed PMID: 24204897; PMCID: PMC3799842. 

 

103. Andres DA, Dickerson IM, Dixon JE. Variants of the carboxyl-terminal KDEL 

sequence direct intracellular retention. The Journal of Biological Chemistry. 

1990;265(11):5952-5. PubMed PMID: 2318841. 

 

104. Haugejorden SM, Srinivasan M, Green M. Analysis of the retention signals of 

two resident luminal endoplasmic reticulum proteins by in vitro mutagenesis. The Journal 

of Biological Chemistry. 1991;266(10):6015-8. PubMed PMID: 2007562. 

 

105. Frydman J, Nimmesgern E, Ohtsuka K, Hartl FU. Folding of nascent polypeptide 

chains in a high molecular mass assembly with molecular chaperones. Nature. 

1994;370(6485):111-7. doi: 10.1038/370111a0. PubMed PMID: 8022479. 

 

106. Goldberg AL. Protein degradation and protection against misfolded or damaged 

proteins. Nature. 2003;426(6968):895-9. doi: 10.1038/nature02263. PubMed PMID: 

14685250. 

 

107. Agarraberes FA, Dice JF. A molecular chaperone complex at the lysosomal 

membrane is required for protein translocation. Journal of Cell Science. 2001;114(Pt 

13):2491-9. PubMed PMID: 11559757. 

 

108. Schroder M, Kaufman RJ. The mammalian unfolded protein response. Annual 

Review of Biochemistry. 2005;74:739-89. doi: 

10.1146/annurev.biochem.73.011303.074134. PubMed PMID: 15952902. 

 

109. Henderson B, Allan E, Coates ARM. Stress wars: the direct role of host and 

bacterial molecular chaperones in bacterial infection. Infection and Immunity. 

2006;74(7):3693-706. doi: 10.1128/IAI.01882-05. PubMed PMID: 16790742. 

 

110. Srivastava P. Interaction of heat shock proteins with peptides and antigen 

presenting cells: Chaperoning of the innate and adaptive immune responses. Annual 

Review of Immunology. 2002;20(1):395-425. doi: 

10.1146/annurev.immunol.20.100301.064801. PubMed PMID: 11861608. 

 



161 

 

111. Goldberger RF, Epstein CJ, Anfinsen CB. Purification and properties of a 

microsomal enzyme system catalyzing the reactivation of reduced ribonuclease and 

lysozyme. The Journal of Biological Chemistry. 1964;239:1406-10. PubMed PMID: 

14189872. 

 

112. Lang K, Schmid FX, Fischer G. Catalysis of protein folding by prolyl isomerase. 

Nature. 1987;329(6136):268-70. doi: 10.1038/329268a0. PubMed PMID: 3306408. 

 

113. Groenendyk J, Opas M, Michalak M. Protein folding and calcium homeostasis in 

the endoplasmic reticulum. Calcium Binding Proteins. 2006;1:77-85. 

 

114. Meldolesi J, Pozzan T. The endoplasmic reticulum Ca2+ store: a view from the 

lumen. Trends in Biochemical Sciences. 1998;23(1):10-4. doi: 10.1016/S0968-

0004(97)01143-2. PubMed PMID: 9478128. 

 

115. Peters LR, Raghavan M. Endoplasmic reticulum calcium depletion impacts 

chaperone secretion, innate immunity, and phagocytic uptake of cells. Journal of 

Immunology. 2011;187(2):919-31. doi:  

10.4049/jimmunol.1100690. PubMed PMID: 21670312; PMCID: PMC3371385. 

 

116. Booth C, Koch GL. Perturbation of cellular calcium induces secretion of luminal 

ER proteins. Cell. 1989;59(4):729-37. doi: 10.1016-0092-8674(89)90019-6. PubMed 

PMID: 2510935. 

 

117. Schwarz DS, Blower MD. The endoplasmic reticulum: structure, function and 

response to cellular signaling. Cellular and Molecular Life Sciences. 2016;73(1):79-94. 

doi: 10.1007/s00018-015-2052-6. PubMed PMID: 26433683; PMCID: PMC4700099. 

 

118. Lewis MJ, Pelham HR. Ligand-induced redistribution of a human KDEL receptor 

from the Golgi complex to the endoplasmic reticulum. doi: 10.1016/0092-

8674(92)90476-S. Cell. 1992;68(2):353-64. PubMed PMID: 1310258. 

 

119. Orci L, Stamnes M, Ravazzola M, Amherdt M, Perrelet A, Sollner TH, Rothman 

JE. Bidirectional transport by distinct populations of COPI-coated vesicles. Cell. 

1997;90(2):335-49. doi: 10.1016/s0092-8674(00)80341-4. PubMed PMID: 9244307. 

 

120. Bräuer P, Parker JL, Gerondopoulos A, Zimmermann I, Seeger MA, Barr FA, 

Newstead S. Structural basis for pH-dependent retrieval of ER proteins from the Golgi by 

the KDEL receptor. Science. 2019;363(6431):1103. doi: 10.1126/science.aaw2859. 

PubMed PMID: 30846601. 

 

121. Lewis MJ, Pelham HR. A human homologue of the yeast HDEL receptor. Nature. 

1990;348(6297):162-3. doi: 10.1038/348162a0. PubMed PMID: 2172835. 

 



162 

 

122. Hsu VW, Shah N, Klausner RD. A brefeldin A-like phenotype is induced by the 

overexpression of a human ERD-2-like protein, ELP-1. Cell. 1992;69(4):625-35. doi: 

10.1016/0092-8674(92)90226-3. PubMed PMID: 1316805. 

 

123. Lewis MJ, Pelham HR. Sequence of a second human KDEL receptor. Journal of  

Molecular Biology. 1992;226(4):913-6. doi: 10.1016/0022-2836(92)91039-r. PubMed 

PMID: 1325562. 

 

124. Collins JE, Wright CL, Edwards CA, Davis MP, Grinham JA, Cole CG, Goward 

ME, Aguado B, Mallya M, Mokrab Y, Huckle EJ, Beare DM, Dunham I. A genome 

annotation-driven approach to cloning the human ORFeome. Genome Biology. 

2004;5(10):R84. doi: 10.1186/gb-2004-5-10-r84. PubMed PMID: 15461802; PMCID: 

PMC545604. 

 

125. Rebhan M, Chalifa-Caspi V, Prilusky J, Lancet D. GeneCards: a novel functional 

genomics compendium with automated data mining and query reformulation support. 

Bioinformatics. 1998;14(8):656-64. doi: 10.1093/bioinformatics.weizmann.ac.il/cards. 

PubMed PMID: 9789091. 

 

126. Capitani M, Sallese M. The KDEL receptor: new functions for an old protein. 

FEBS Letters. 2009;583(23):3863-71. doi: 10.1016/j.febslet.2009.10.053. PubMed 

PMID: 19854180. 

 

127. Siggs OM, Popkin DL, Krebs P, Li X, Tang M, Zhan X, Zeng M, Lin P, Xia Y, 

Oldstone MB, Cornall RJ, Beutler B. Mutation of the ER retention receptor KDELR1 

leads to cell-intrinsic lymphopenia and a failure to control chronic viral infection. 

Proceedings of the National Academy of Sciences of the United States of America. 

2015;112(42):E5706-14. doi: 10.1073/pnas.1515619112. PubMed PMID: 26438836; 

PMCID: PMC4620900. 

 

128. Kamimura D, Katsunuma K, Arima Y, Atsumi T, Jiang J-j, Bando H, Meng J, 

Sabharwal L, Stofkova A, Nishikawa N, Suzuki H, Ogura H, Ueda N, Tsuruoka M, 

Harada M, Kobayashi J, Hasegawa T, Yoshida H, Koseki H, Miura I, Wakana S, Nishida 

K, Kitamura H, Fukada T, Hirano T, Murakami M. KDEL receptor 1 regulates T-cell 

homeostasis via PP1 that is a key phosphatase for ISR. Nature Communications. 

2015;6:7474. doi: 10.1038/ncomms8474. PubMed PMID: 26081938; PMCID: 

PMC4557295. 

 

129. Kamimura D, Arima Y, Tsuruoka M, Jiang JJ, Bando H, Meng J, Sabharwal L, 

Stofkova A, Nishikawa N, Higuchi K, Ogura H, Atsumi T, Murakami M. Strong TCR-

mediated signals suppress integrated stress responses induced by KDELR1 deficiency in 

naive T cells. International Immunology. 2016;28(3):117-26. doi: 

10.1093/intimm/dxv059. PubMed PMID: 26489882. 

 

130. Semenza JC, Hardwick KG, Dean N, Pelham HRB. ERD2, a yeast gene required 

for the receptor-mediated retrieval of luminal ER proteins from the secretory pathway. 



163 

 

Cell. 1990;61(7):1349-57. doi: 10.1016/0092-8674(90)90698-E. PubMed PMID: 

2194670. 

 

131. Giannotta M, Ruggiero C, Grossi M, Cancino J, Capitani M, Pulvirenti T, Consoli 

GML, Geraci C, Fanelli F, Luini A, Sallese M. The KDEL receptor couples to Gαq/11 to 

activate Src kinases and regulate transport through the Golgi. The EMBO Journal. 

2012;31(13):2869-81. doi: 10.1038/emboj.2012.134. PubMed PMID: 22580821. 

 

132. Pulvirenti T, Giannotta M, Capestrano M, Capitani M, Pisanu A, Polishchuk RS, 

San Pietro E, Beznoussenko GV, Mironov AA, Turacchio G, Hsu VW, Sallese M, Luini 

A. A traffic-activated Golgi-based signalling circuit coordinates the secretory pathway. 

Nature Cell Biology. 2008;10(8):912-22. doi: 10.1038/ncb1751. PubMed PMID: 

18641641. 

 

133. Giannotta M, Fragassi G, Tamburro A, Vanessa C, Luini A, Sallese M. Prohibitin: 

A novel molecular player in KDEL receptor signalling. BioMed Research International. 

2015;2015:13. doi: 10.1155/2015/319454.  

 

134. Ruggiero C, Fragassi G, Grossi M, Picciani B, Di Martino R, Capitani M, 

Buccione R, Luini A, Sallese M. A Golgi-based KDELR-dependent signalling pathway 

controls extracellular matrix degradation. Oncotarget. 2014;6(5):3375-93. doi: 

10.18632/oncotarget.3270. PubMed PMID: 25682866. 

 

135. Yamamoto K, Hamada H, Shinkai H, Kohno Y, Koseki H, Aoe T. The KDEL 

receptor modulates the endoplasmic reticulum stress response through mitogen-activated 

protein kinase signaling cascades. The Journal of Biological Chemistry.  

2003;278(36):34525-32. doi: 10.1074/jbc.M304188200. PubMed PMID: 12821650. 

 

136. Wang P, Li B, Zhou L, Fei E, Wang G. The KDEL receptor induces autophagy to 

promote the clearance of neurodegenerative disease-related proteins. Neuroscience. 

2011;190:43-55. doi: 10.1016/j.neuroscience.2011.06.008. PubMed PMID: 21684323. 

 

137. Majoul IV, Bastiaens PI, Soling HD. Transport of an external Lys-Asp-Glu-Leu 

(KDEL) protein from the plasma membrane to the endoplasmic reticulum: studies with 

cholera toxin in Vero cells. The Journal of Cell Biology. 1996;133(4):777-89. PubMed 

PMID: 8666663; PMCID: PMC2120836. 

 

138. Becker B, Shaebani MR, Rammo D, Bubel T, Santen L, Schmitt MJ. Cargo 

binding promotes KDEL receptor clustering at the mammalian cell surface. Scientific 

Reports. 2016;6:28940. doi: 10.1038/srep28940. PubMed PMID: 27353000; PMCID: 

PMC4926219. 

 

139. Becker B, Blum A, Giesselmann E, Dausend J, Rammo D, Muller NC, 

Tschacksch E, Steimer M, Spindler J, Becherer U, Rettig J, Breinig F, Schmitt MJ. 

H/KDEL receptors mediate host cell intoxication by a viral A/B toxin in yeast. Scientific 

http://dx.doi.org/10.1016/0092-8674(90)90698-E


164 

 

Reports. 2016;6:31105. doi: 10.1038/srep31105. PubMed PMID: 27493088; PMCID: 

PMC4974620. 

 

140. Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman JS, Walter P. 

Functional and genomic analyses reveal an essential coordination between the unfolded 

protein response and ER-associated degradation. Cell. 2000;101(3):249-58. doi: 

10.1016/S0092-8674(00)80835-1. PubMed PMID: 10847680. 

 

141. Bar-Peled M, Conceicao A, Frigerio L, Raikhel NV. Expression and regulation of 

aERD2, a gene encoding the KDEL receptor homolog in plants, and other genes 

encoding proteins involved in ER-Golgi vesicular trafficking. The Plant Cell. 

1995;7(6):667-76. doi: 10.1105/tpc.7.6.667. PubMed PMID: 12242382. 

 

142. Llewellyn DH, Roderick HL, Rose S. KDEL receptor expression is not 

coordinatedly up-regulated with ER stress-induced reticuloplasmin expression in HeLa 

cells. Biochemical and Biophysical Research Communications. 1997;240(1):36-40. doi: 

10.1006/bbrc.1997.7607. PubMed PMID: 9367877. 

 

143. Hamada H, Suzuki M, Yuasa S, Mimura N, Shinozuka N, Takada Y, Suzuki M, 

Nishino T, Nakaya H, Koseki H, Aoe T. Dilated cardiomyopathy caused by aberrant 

endoplasmic reticulum quality control in mutant KDEL receptor transgenic mice. 

Molecular and Cellular Biology. 2004;24(18):8007-17. doi: 10.1128/mcb.24.18.8007-

8017.2004. PubMed PMID: 15340063; PMCID: PMC515036. 

 

144. Mei M, Zhai C, Li X, Zhou Y, Peng W, Ma L, Wang Q, Iverson BL, Zhang G, Yi 

L. Characterization of aromatic residue-controlled protein retention in the endoplasmic 

reticulum of Saccharomyces cerevisiae. Journal of Biological Chemistry. 

2017;292(50):20707-20719.. doi: 10.1074/jbc.M117.812107. PubMed PMID: 29038295; 

PMCID: PMC5733606. 

 

145. Wu C, Orozco C, Boyer J, Leglise M, Goodale J, Batalov S, Hodge CL, Haase J, 

Janes J, Huss JW, 3rd, Su AI. BioGPS: an extensible and customizable portal for 

querying and organizing gene annotation resources. Genome Biology. 2009;10(11):R130. 

doi: 10.1186/gb-2009-10-11-r130. PubMed PMID: 19919682; PMCID: PMC3091323. 

 

146. Klampfl T, Gisslinger H, Harutyunyan AS, Nivarthi H, Rumi E, Milosevic JD, 

Them NC, Berg T, Gisslinger B, Pietra D, Chen D, Vladimer GI, Bagienski K, Milanesi 

C, Casetti IC, Sant'Antonio E, Ferretti V, Elena C, Schischlik F, Cleary C, Six M, 

Schalling M, Schonegger A, Bock C, Malcovati L, Pascutto C, Superti-Furga G, Cazzola 

M, Kralovics R. Somatic mutations of calreticulin in myeloproliferative neoplasms. New 

England Journal of Medicine. 2013;369(25):2379-90. doi: 10.1056/NEJMoa1311347. 

PubMed PMID: 24325356. 

 

147. Nangalia J, Massie CE, Baxter EJ, Nice FL, Gundem G, Wedge DC, Avezov E, 

Li J, Kollmann K, Kent DG, Aziz A, Godfrey AL, Hinton J, Martincorena I, Van Loo P, 

Jones AV, Guglielmelli P, Tarpey P, Harding HP, Fitzpatrick JD, Goudie CT, Ortmann 



165 

 

CA, Loughran SJ, Raine K, Jones DR, Butler AP, Teague JW, O'Meara S, McLaren S, 

Bianchi M, Silber Y, Dimitropoulou D, Bloxham D, Mudie L, Maddison M, Robinson B, 

Keohane C, Maclean C, Hill K, Orchard K, Tauro S, Du MQ, Greaves M, Bowen D, 

Huntly BJ, Harrison CN, Cross NC, Ron D, Vannucchi AM, Papaemmanuil E, Campbell 

PJ, Green AR. Somatic CALR mutations in myeloproliferative neoplasms with 

nonmutated JAK2. The New England Journal of Medicine. 2013;369(25):2391-405. doi: 

10.1056/NEJMoa1312542. PubMed PMID: 24325359; PMCID: PMC3966280. 

 

148. Takagi M, Ishii T, Barnes AM, Weis MA, Amano N, Tanaka M, Fukuzawa R, 

Nishimura G, Eyre DR, Marini JC, Hasegawa T. A novel mutation in LEPRE1 that 

eliminates only the KDEL ER-retrieval sequence causes non-lethal Osteogenesis 

Imperfecta. PloS One. 2012;7(5). doi: 10.1371/journal.pone.0036809. PubMed PMID: 

22615817; PMCID: PMC3352923. 

 

149. Thastrup O, Cullen PJ, Drobak BK, Hanley MR, Dawson AP. Thapsigargin, a 

tumor promoter, discharges intracellular Ca2+ stores by specific inhibition of the 

endoplasmic reticulum Ca2(+)-ATPase. Proceedings of the National Academy of 

Sciences of the United States of America. 1990;87(7):2466-70. doi: 

10.1073/pmas.87.7.2466. PubMed PMID: 2138778; PMCID: PMC53710. 

 

150. Helms JB, Rothman JE. Inhibition by brefeldin A of a Golgi membrane enzyme 

that catalyses exchange of guanine nucleotide bound to ARF. Nature. 

1992;360(6402):352-4. doi: 10.1038/360352a0. PubMed PMID: 1448152. 

 

151. Wei H, Perry DC. Dantrolene is cytoprotective in two models of neuronal cell 

death. Journal of Neurochemistry. 1996;67(6):2390-8. doi: 10.1046/j.1471-

4159.1996.67062390.x. PubMed PMID: 8931471. 

 

152. Trombetta ES, Simons JF, Helenius A. Endoplasmic reticulum glucosidase II is 

composed of a catalytic subunit, conserved from yeast to mammals, and a tightly bound 

noncatalytic HDEL-containing subunit. The Journal of Biological Chemistry. 

1996;271(44):27509-16. doi: 10.1074/jbc.271.44.27509. PubMed PMID: 8910335. 

 

153. Huttlin EL, Ting L, Bruckner RJ, Gebreab F, Gygi MP, Szpyt J, Tam S, Zarraga 

G, Colby G, Baltier K, Dong R, Guarani V, Vaites LP, Ordureau A, Rad R, Erickson BK, 

Wuhr M, Chick J, Zhai B, Kolippakkam D, Mintseris J, Obar RA, Harris T, Artavanis-

Tsakonas S, Sowa ME, De Camilli P, Paulo JA, Harper JW, Gygi SP. The BioPlex 

Network: A systematic exploration of the human interactome. Cell. 2015;162(2):425-40. 

doi: 10.1016/j.cell.2015.06.043. PubMed PMID: 26186194; PMCID: PMC4617211. 

 

154. Hermjakob H, Montecchi-Palazzi L, Bader G, Wojcik J, Salwinski L, Ceol A, 

Moore S, Orchard S, Sarkans U, von Mering C, Roechert B, Poux S, Jung E, Mersch H, 

Kersey P, Lappe M, Li Y, Zeng R, Rana D, Nikolski M, Husi H, Brun C, Shanker K, 

Grant SG, Sander C, Bork P, Zhu W, Pandey A, Brazma A, Jacq B, Vidal M, Sherman D, 

Legrain P, Cesareni G, Xenarios I, Eisenberg D, Steipe B, Hogue C, Apweiler R. The 

HUPO PSI's molecular interaction format--a community standard for the representation 



166 

 

of protein interaction data. Nature Biotechnology. 2004;22(2):177-83. doi: 

10.1038/nbt926. PubMed PMID: 14755292. 

 

155. Tavender TJ, Springate JJ, Bulleid NJ. Recycling of peroxiredoxin IV provides a 

novel pathway for disulphide formation in the endoplasmic reticulum. The EMBO 

Journal. 2010;29(24):4185-97. doi: 10.1038/emboj.2010.273. PubMed PMID: 21057456; 

PMCID: PMC3018787. 

 

156. Foldi I, Toth AM, Szabo Z, Mozes E, Berkecz R, Datki ZL, Penke B, Janaky T. 

Proteome-wide study of endoplasmic reticulum stress induced by thapsigargin in N2a 

neuroblastoma cells. Neurochemistry International. 2013;62(1):58-69. Epub 2012/11/17. 

doi: 10.1016/j.neuint.2012.11.003. PubMed PMID: 23153458. 

 

157. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA is induced 

by ATF6 and spliced by IRE1 in response to ER stress to produce a highly active 

transcription factor. Cell. 2001;107(7):881-91. doi: 10.1016/s0092-8674(01)00611-0. 

PubMed PMID: 11779464. 

 

158. Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of endoplasmic 

reticulum resident chaperone genes in the unfolded protein response. Molecular and 

Cellular Biology. 2003;23(21):7448-59. doi: 10.1128/mcb.23.21.7448-7459.2003. 

PubMed PMID: 14559994; PMCID: PMC207643. 

 

159. Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, Yates JR, 

3rd, Su AI, Kelly JW, Wiseman RL. Stress-independent activation of XBP1s and/or 

ATF6 reveals three functionally diverse ER proteostasis environments. Cell Rep. 

2013;3(4):1279-92. doi: 10.1016/j.celrep.2013.03.024. PubMed PMID: 23583182; 

PMCID: 3754422. 

 

160. Broos S, Hulpiau P, Galle J, Hooghe B, Van Roy F, De Bleser P. ConTra v2: a 

tool to identify transcription factor binding sites across species, update 2011. Nucleic 

Acids Research. 2011;39(Web Server issue):W74-8. doi: 10.1093/nar/gkr355. PubMed 

PMID: 21576231; PMCID: PMC3125763. 

 

161. Hooghe B, Hulpiau P, van Roy F, De Bleser P. ConTra: a promoter alignment 

analysis tool for identification of transcription factor binding sites across species. Nucleic 

Acids Research. 2008;36(Web Server issue):W128-32. Epub 2008/05/03. doi: 

10.1093/nar/gkn195. PubMed PMID: 18453628; PMCID: PMC2447729. 

 

162. Sriburi R, Bommiasamy H, Buldak GL, Robbins GR, Frank M, Jackowski S, 

Brewer JW. Coordinate regulation of phospholipid biosynthesis and secretory pathway 

gene expression in XBP-1(S)-induced endoplasmic reticulum biogenesis. The Journal of 

Biological Chemistry. 2007;282(10):7024-34. doi: 10.1074/jbc.M609490200. PubMed 

PMID: 17213183. 

 



167 

 

163. Ghosh R, Wang L, Wang ES, Perera BG, Igbaria A, Morita S, Prado K, Thamsen 

M, Caswell D, Macias H, Weiberth KF, Gliedt MJ, Alavi MV, Hari SB, Mitra AK, 

Bhhatarai B, Schurer SC, Snapp EL, Gould DB, German MS, Backes BJ, Maly DJ, 

Oakes SA, Papa FR. Allosteric inhibition of the IRE1alpha RNase preserves cell viability 

and function during endoplasmic reticulum stress. Cell. 2014;158(3):534-48. doi: 

10.1016/j.cell.2014.07.002. PubMed PMID: 25018104; PMCID: PMC4244221. 

 

164. Badiola N, Penas C, Minano-Molina A, Barneda-Zahonero B, Fado R, Sanchez-

Opazo G, Comella JX, Sabria J, Zhu C, Blomgren K, Casas C, Rodriguez-Alvarez J. 

Induction of ER stress in response to oxygen-glucose deprivation of cortical cultures 

involves the activation of the PERK and IRE-1 pathways and of caspase-12. Cell Death 

& Disease. 2011;2:e149. doi: 10.1038/cddis.2011.31. PubMed PMID: 21525936; 

PMCID: PMC3122062. 

 

165. Wang C, Nguyen HN, Maguire JL, Perry DC. Role of intracellular calcium stores 

in cell death from oxygen-glucose deprivation in a neuronal cell line. Journal of Cerebral 

Blood Flow and Metabolism. 2002;22(2):206-14. doi: 10.1097/00004647-200202000-

00008. PubMed PMID: 11823718. 

 

166. Nigam SK, Goldberg AL, Ho S, Rohde MF, Bush KT, Sherman M. A set of 

endoplasmic reticulum proteins possessing properties of molecular chaperones includes 

Ca(2+)-binding proteins and members of the thioredoxin superfamily. The Journal of 

Biological Chemistry. 1994;269(3):1744-9. PubMed PMID: 8294423. 

 

167. Sonnichsen B, Fullekrug J, Nguyen Van P, Diekmann W, Robinson DG, Mieskes 

G. Retention and retrieval: both mechanisms cooperate to maintain calreticulin in the 

endoplasmic reticulum. Journal of Cell Science. 1994;107 ( Pt 10):2705-17. PubMed 

PMID: 7876339. 

 

168. Barlowe C, Helenius A. Cargo capture and bulk flow in the early secretory 

pathway. Annual Review of Cell and Developmental Biology. 2016;32:197-222. doi: 

10.1146/annurev-cellbio-111315-125016. PubMed PMID: 27298089. 

 

169. Xiao G, Chung TF, Pyun HY, Fine RE, Johnson RJ. KDEL proteins are found on 

the surface of NG108-15 cells. Molecular Brain Ressearch. 1999;72(2):121-8. doi: 

10.1016/S0169-328X(99)00188-6. PubMed PMID: 10529470. 

 

170. Harding HP, Calfon M, Urano F, Novoa I, Ron D. Transcriptional and 

translational control in the mammalian unfolded protein response. Annual Review of Cell 

and Developmental Biology. 2002;18:575-99. doi: 

10.1146/annurev.cellbio.18.011402.160624. PubMed PMID: 12142265. 

 

171. Missiaen L, Robberecht W, van den Bosch L, Callewaert G, Parys JB, Wuytack 

F, Raeymaekers L, Nilius B, Eggermont J, De Smedt H. Abnormal intracellular Ca(2+) 

homeostasis and disease. Cell Calcium. 2000;28(1):1-21. doi: 10.1054/ceca.2000.0131. 

PubMed PMID: 10942700. 



168 

 

172. Bian X, Hughes FM, Jr., Huang Y, Cidlowski JA, Putney JW, Jr. Roles of 

cytoplasmic Ca2+ and intracellular Ca2+ stores in induction and suppression of apoptosis 

in S49 cells. The American Journal of Physiology. 1997;272(4 Pt 1):C1241-9. doi: 

10.1152/ajpcell.1997.272.4.C1241. PubMed PMID: 9142849. 

 

173. Lindner M, Erdmann E, Beuckelmann DJ. Calcium content of the sarcoplasmic 

reticulum in isolated ventricular myocytes from patients with terminal heart failure. 

Journal of Molecular and Cellular Cardiology. 1998;30(4):743-9. doi: 

10.1006/jmcc.1997.0626. PubMed PMID: 9602423. 

 

174. Paschen W. Dependence of vital cell function on endoplasmic reticulum calcium 

levels: implications for the mechanisms underlying neuronal cell injury in different 

pathological states. Cell Calcium. 2001;29(1):1-11. doi: 10.1054/ceca.2000.0162. 

PubMed PMID: 11133351. 

 

175. Resende R, Ferreiro E, Pereira C, Resende de Oliveira C. Neurotoxic effect of 

oligomeric and fibrillar species of amyloid-beta peptide 1-42: involvement of 

endoplasmic reticulum calcium release in oligomer-induced cell death. Neuroscience. 

2008;155(3):725-37. doi: 10.1016/j.neuroscience.2008.06.036. PubMed PMID: 

18621106. 

 

176. Aksoy MO, Kim V, Cornwell WD, Rogers TJ, Kosmider B, Bahmed K, Barrero 

C, Merali S, Shetty N, Kelsen SG. Secretion of the endoplasmic reticulum stress protein, 

GRP78, into the BALF is increased in cigarette smokers. Respiratory Research. 

2017;18(1):78. doi: 10.1186/s12931-017-0561-6. PubMed PMID: 28464871; PMCID: 

PMC5414124. 

 

177. Luo B, Lee AS. The critical roles of endoplasmic reticulum chaperones and 

unfolded protein response in tumorigenesis and anticancer therapies. Oncogene. 

2013;32(7):805-18. doi: 10.1038/onc.2012.130. PubMed PMID: 22508478; PMCID: 

PMC3819728. 

 

178. Wu T, Zhang F, Yang Q, Zhang Y, Liu Q, Jiang W, Cao H, Li D, Xie S, Tong N, 

He J. Circulating mesencephalic astrocyte-derived neurotrophic factor is increased in 

newly diagnosed prediabetic and diabetic patients, and is associated with insulin 

resistance. Endocrine journal. 2017;64(4):403-10. doi: 10.1507/endocrj.EJ16-0472. 

PubMed PMID: 28216543. 

 

179. Bodman-Smith MD, Corrigall VM, Berglin E, Cornell HR, Tzioufas AG, 

Mavragani CP, Chan C, Rantapaa-Dahlqvist S, Panayi GS. Antibody response to the 

human stress protein BiP in rheumatoid arthritis. Rheumatology. 2004;43(10):1283-7. 

doi: 10.1093/rheumatology/keh312. PubMed PMID: 15252212. 

 

180. Corrigall VM, Bodman-Smith MD, Fife MS, Canas B, Myers LK, Wooley PH, 

Soh C, Staines NA, Pappin DJC, Berlo SE, van Eden W, van der Zee R, Lanchbury JS, 

Panayi GS. The human endoplasmic reticulum molecular chaperone BiP is an 



169 

 

autoantigen for rheumatoid arthritis and prevents the induction of experimental arthritis. 

The Journal of Immunology. 2001;166(3):1492-8. doi: 10.4049/jimmunol.166.3.1492. 

PubMed PMID: 11160188. 

 

181. Tarr JM, Winyard PG, Ryan B, Harries LW, Haigh R, Viner N, Eggleton P. 

Extracellular calreticulin is present in the joints of patients with rheumatoid arthritis and 

inhibits FasL (CD95L)-mediated apoptosis of T cells. Arthritis & Rheumatology. 

2010;62(10):2919-29. doi: 10.1002/art.27602. PubMed PMID: 20533543. 

 

182. Reumann R, Vierk R, Zhou L, Gries F, Kraus V, Mienert J, Romswinkel E, 

Morellini F, Ferrer I, Nicolini C, Fahnestock M, Rune G, Glatzel M, Galliciotti G. The 

serine protease inhibitor neuroserpin is required for normal synaptic plasticity and 

regulates learning and social behavior. Learning & Memory. 2017;24(12):650-9. doi: 

10.1101/lm.045864.117. PubMed PMID: 29142062; PMCID: PMC5688962. 

 

183. Wang L, Zhang Y, Asakawa T, Li W, Han S, Li Q, Xiao B, Namba H, Lu C, 

Dong Q. Neuroprotective effect of neuroserpin in oxygen-glucose deprivation- and 

reoxygenation-treated rat astrocytes in vitro. PloS One. 2015;10(4):e0123932. doi: 

10.1371/journal.pone.0123932. PubMed PMID: 25874935; PMCID: PMC4395230. 

 

184. Airavaara M, Shen H, Kuo CC, Peranen J, Saarma M, Hoffer B, Wang Y. 

Mesencephalic astrocyte-derived neurotrophic factor reduces ischemic brain injury and 

promotes behavioral recovery in rats. The Journal of Comparative Neurology. 

2009;515(1):116-24. doi: 10.1002/cne.22039. PubMed PMID: 19399876; PMCID: 

PMC2723810. 

 

185. Voutilainen MH, Back S, Porsti E, Toppinen L, Lindgren L, Lindholm P, Peranen 

J, Saarma M, Tuominen RK. Mesencephalic astrocyte-derived neurotrophic factor is 

neurorestorative in rat model of Parkinson's disease. The Journal of Neuroscience. 

2009;29(30):9651-9. doi: 10.1523/jneurosci.0833-09.2009. PubMed PMID: 19641128. 

 

186. Lindahl M, Danilova T, Palm E, Lindholm P, Voikar V, Hakonen E, Ustinov J, 

Andressoo JO, Harvey BK, Otonkoski T, Rossi J, Saarma M. MANF is indispensable for 

the proliferation and survival of pancreatic beta cells. Cell Reports. 2014;7(2):366-75. 

doi: 10.1016/j.celrep.2014.03.023. PubMed PMID: 24726366. 

 

187. Shoulders MD, Ryno LM, Genereux JC, Moresco JJ, Tu PG, Wu C, Yates JR, Su 

AI, Kelly JW, Wiseman RL. Stress-independent activation of XBP1s and/or ATF6 

reveals three functionally diverse ER proteostasis environments. Cell Reports. 

2013;3(4):1279-92. doi: 10.1016/j.celrep.2013.03.024. PubMed PMID: PMC3754422. 

 

188. Howard DB, Powers K, Wang Y, Harvey BK. Tropism and toxicity of adeno-

associated viral vector serotypes 1, 2, 5, 6, 7, 8, and 9 in rat neurons and glia in vitro. 

Virology. 2008;372(1):24-34. doi: 10.1016/j.virol.2007.10.007. PubMed PMID: 

18035387; PMCID: PMC2293646. 



170 

 

189. Herbrich SM, Cole RN, West KP, Jr., Schulze K, Yager JD, Groopman JD, 

Christian P, Wu L, O'Meally RN, May DH, McIntosh MW, Ruczinski I. Statistical 

inference from multiple iTRAQ experiments without using common reference standards. 

Journal of Proteome Research. 2013;12(2):594-604. doi: 10.1021/pr300624g. PubMed 

PMID: 23270375; PMCID: PMC4223774. 

 

190. Mekahli D, Bultynck G, Parys JB, De Smedt H, Missiaen L. Endoplasmic-

reticulum calcium depletion and disease. Cold Spring Harbor Perspectives in Biology. 

2011;3(6). doi: 10.1101/cshperspect.a004317. PubMed PMID: 21441595; PMCID: 

PMC3098671. 

 

191. Palmer AE, Jin C, Reed JC, Tsien RY. Bcl-2-mediated alterations in endoplasmic 

reticulum Ca2+ analyzed with an improved genetically encoded fluorescent sensor. 

Proceedings of the National Academy of Sciences of the United States of America. 

2004;101(50):17404-9. doi: 10.1073/pnas.0408030101. PubMed PMID: 15585581; 

PMCID: PMC535104. 

 

192. Rehberg M, Lepier A, Solchenberger B, Osten P, Blum R. A new non-disruptive 

strategy to target calcium indicator dyes to the endoplasmic reticulum. Cell Calcium. 

2008;44(4):386-99. doi: 10.1016/j.ceca.2008.02.002. PubMed PMID: 19230142. 

 

193. Tian L, Yang Y, Wysocki LM, Arnold AC, Hu A, Ravichandran B, Sternson SM, 

Looger LL, Lavis LD. Selective esterase-ester pair for targeting small molecules with 

cellular specificity. Proceedings of the National Academy of Sciences of the United 

States of America. 2012;109(13):4756-61. doi: 10.1073/pnas.1111943109. PubMed 

PMID: 22411832; PMCID: PMC3323987. 

 

194. Lavis LD, Chao T-Y, Raines RT. Synthesis and utility of fluorogenic 

acetoxymethyl ethers. Chemical Science. 2011;2(3):521-30. doi: 10.1039/C0SC00466A. 

PubMed PMID: PMC3049939. 

 

195. Hatfield MJ, Potter PM. Carboxylesterase inhibitors. Expert opinion on 

therapeutic patents. 2011;21(8):1159-71. doi: 10.1517/13543776.2011.586339. PubMed 

PMID: 21609191; PMCID: PMC3139797. 

 

196. Fukami T, Takahashi S, Nakagawa N, Maruichi T, Nakajima M, Yokoi T. In vitro 

evaluation of inhibitory effects of antidiabetic and antihyperlipidemic drugs on human 

carboxylesterase activities. Drug Metabolism and Disposition. 2010;38(12):2173-8. doi: 

10.1124/dmd.110.034454. PubMed PMID: 20810539. 

 

197. Davidson GA, Varhol RJ. Kinetics of thapsigargin-Ca(2+)-ATPase (sarcoplasmic 

reticulum) interaction reveals a two-step binding mechanism and picomolar inhibition. 

The Journal of Biological Chemistry. 1995;270(20):11731-4. doi: 

10.1074/jbc.270.20.11731. PubMed PMID: 7744817. 

 



171 

 

198. Gjymishka A, Su N, Kilberg MS. Transcriptional induction of the human 

asparagine synthetase gene during the unfolded protein response does not require the 

ATF6 and IRE1/XBP1 arms of the pathway. The Biochemical Journal. 2009;417(3):695-

703. doi: 10.1042/BJ20081706. PubMed PMID: PMC3595601. 

 

199. Goeger DE, Riley RT, Dorner JW, Cole RJ. Cyclopiazonic acid inhibition of the 

Ca2+-transport ATPase in rat skeletal muscle sarcoplasmic reticulum vesicles. 

Biochemical Pharmacology. 1988;37(5):978-81. doi: 10.1016/0006-2952(88)90195-5. 

PubMed PMID: 2964239. 

 

200. Dehpour AR, Mofakham S, Mahmoudian M. In vitro binding of dantrolene to 

sarcoplasmic reticulum of rabbit skeletal muscle. Biochemical Pharmacology. 

1982;31(6):965-8. doi: 10.1016/0006-2952(82)90328-8. PubMed PMID: 7082378. 

 

201. Farokhnia M, Schwandt ML, Lee MR, Bollinger JW, Farinelli LA, Amodio JP, 

Sewell L, Lionetti TA, Spero DE, Leggio L. Biobehavioral effects of baclofen in anxious 

alcohol-dependent individuals: a randomized, double-blind, placebo-controlled, 

laboratory study. Translational Psychiatry. 2017;7(4):e1108. doi: 10.1038/tp.2017.71. 

PubMed PMID: 28440812; PMCID: PMC5416708. 

 

202. Cohen JA, Kaplan MM. The SGOT/SGPT ratio--an indicator of alcoholic liver 

disease. Digestive Diseases and Sciences. 1979;24(11):835-8. doi: 10.1007/bf01324898. 

PubMed PMID: 520102. 

 

203. Gewurz H, Mold C, Siegel J, Fiedel B. C-reactive protein and the acute phase 

response. Advances in Internal Medicine. 1982;27:345-72. PubMed PMID: 7041546. 

 

204. Kim Y, Lee H, Manson SR, Lindahl M, Evans B, Miner JH, Urano F, Chen YM. 

Mesencephalic astrocyte-derived neurotrophic factor as a urine biomarker for 

endoplasmic reticulum stress-related kidney diseases. Journal of the American Society of 

Nephrology : JASN. 2016;27(10):2974-82. doi: 10.1681/asn.2014100986. PubMed 

PMID: 26940092; PMCID: PMC5042655. 

 

205. Galli E, Harkonen T, Sainio MT, Ustav M, Toots U, Urtti A, Yliperttula M, 

Lindahl M, Knip M, Saarma M, Lindholm P. Increased circulating concentrations of 

mesencephalic astrocyte-derived neurotrophic factor in children with type 1 diabetes. 

Scientific Reports. 2016;6:29058. doi: 10.1038/srep29058. PubMed PMID: 27356471; 

PMCID: PMC4928177. 

 

206. Trychta KA, Back S, Henderson MJ, Harvey BK. KDEL Receptors Are 

Differentially Regulated to Maintain the ER Proteome under Calcium Deficiency. Cell 

Reports. 2018;25(7):1829-40.e6. doi: 10.1016/j.celrep.2018.10.055. PubMed PMID: 

30428351. 

 

http://dx.doi.org/10.1016/0006-2952(82)90328-8


172 

 

207. Taketani M, Shii M, Ohura K, Ninomiya S, Imai T. Carboxylesterase in the liver 

and small intestine of experimental animals and human. Life Sciences. 2007;81(11):924-

32. doi: 10.1016/j.lfs.2007.07.026. PubMed PMID: 17764701. 

 

208. Zhang W, Xu G, McLeod HL. Comprehensive evaluation of carboxylesterase-2 

expression in normal human tissues using tissue array analysis. Applied 

Immunohistochemistry & Molecular Morphology. 2002;10(4):374-80. doi: 

10.1097/00129039-200212000-00015. PubMed PMID: 12607608. 

 

209. Yue CC, Muller-Greven J, Dailey P, Lozanski G, Anderson V, Macintyre S. 

Identification of a C-reactive protein binding site in two hepatic carboxylesterases 

capable of retaining C-reactive protein within the endoplasmic reticulum. The Journal of 

Biological Chemistry. 1996;271(36):22245-50. doi: 10.1074/jbc.271.36.22245. PubMed 

PMID: 8703040. 

 

210. Zhang K, Kaufman RJ. From endoplasmic-reticulum stress to the inflammatory 

response. Nature. 2008;454(7203):455-62. doi: 10.1038/nature07203. PubMed PMID: 

18650916; PMCID: PMC2727659.  

 

211. Macintyre S, Samols D, Dailey P. Two carboxylesterases bind C-reactive protein 

within the endoplasmic reticulum and regulate its secretion during the acute phase 

response. The Journal of Biological Chemistry. 1994;269(39):24496-503. PubMed 

PMID: 7929114. 

 

212. Geshi E, Kimura T, Yoshimura M, Suzuki H, Koba S, Sakai T, Saito T, Koga A, 

Muramatsu M, Katagiri T. A single nucleotide polymorphism in the carboxylesterase 

gene is associated with the responsiveness to Imidapril medication and the promoter 

activity. Hypertension Research. 2005;28:719. doi: 10.1291/hypres.28.719. PubMed 

PMID: 16419644. 

 

213. Humerickhouse R, Lohrbach K, Li L, Bosron WF, Dolan ME. Characterization of 

CPT-11 hydrolysis by human liver carboxylesterase isoforms hCE-1 and hCE-2. Cancer 

Research. 2000;60(5):1189-92. PubMed PMID: 10728672. 

 

214. Kamendulis LM, Brzezinski MR, Pindel EV, Bosron WF, Dean RA. Metabolism 

of cocaine and heroin is catalyzed by the same human liver carboxylesterases. Journal of 

Pharmacology and Experimental Therapeutics. 1996;279(2):713-7. PubMed PMID: 

8930175. 

 

215. Yang D, Pearce RE, Wang X, Gaedigk R, Wan YJ, Yan B. Human 

carboxylesterases HCE1 and HCE2: ontogenic expression, inter-individual variability 

and differential hydrolysis of oseltamivir, aspirin, deltamethrin and permethrin. 

Biochemical Pharmacology. 2009;77(2):238-47. doi: 10.1016/j.bcp.2008.10.005. 

PubMed PMID: 18983829; PMCID: PMC2671154. 

 



173 

 

216. Goldberg MP, Choi DW. Combined oxygen and glucose deprivation in cortical 

cell culture: calcium-dependent and calcium-independent mechanisms of neuronal injury. 

The Journal of Neuroscience. 1993;13(8):3510. doi: 10.1523/JNEUROSCI.13-08-

03510.1993PubMed PMID: 8101871.  

 

217. Kobayashi MS, Takahashi Y, Nagata T, Nishida Y, Murata A, Ishikawa K, Asai 

S. Screening for control genes in rat global cerebral ischemia using high-density 

oligonucleotide array. Journal of Neuroscience Research. 2004;76(4):512-8. doi: 

10.1002/jnr.20094. PubMed PMID: 15114623. 

 

218. Keating TJ, Cork RJ, Robinson KR. Intracellular free calcium oscillations in 

normal and cleavage-blocked embryos and artificially activated eggs of Xenopus laevis. 

Journal of Cell Science. 1994;107 ( Pt 8):2229-37. PubMed PMID: 7983182. 

 

219. Yoshimoto Y, Iwamatsu T, Hiramoto Y. Cyclic changes in intracellular free 

calcium levels associated with cleavage cycles in Echinoderm and Medada eggs. 

Biomedical Research. 1985;6(6):387-94. doi: 10.2220/biomedres.6.387. 

 

220. Sharma G, Vijayaraghavan S. Modulation of presynaptic store calcium induces 

release of glutamate and postsynaptic firing. Neuron. 2003;38(6):929-39. doi: 

10.1016/S0896-6273(03)00322-2. PubMed PMID: 12818178. 

 

221. Evans JH, Falke JJ. Ca2+ influx is an essential component of the positive-

feedback loop that maintains leading-edge structure and activity in macrophages. 

Proceedings of the National Academy of Sciences of the United States of America. 

2007;104(41):16176. doi: 10.1073/pnas.0707719104. PubMed PMID: 17911247; 

PMCID: PMC2042181. 

 

222. Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium 

signalling. Nature Reviews Molecular Cell Biology. 2000;1(1):11-21. doi: 

10.1038/35036035. PubMed PMID: 11413485. 

 

223. Goonasekera SA, Lam CK, Millay DP, Sargent MA, Hajjar RJ, Kranias EG, 

Molkentin JD. Mitigation of muscular dystrophy in mice by SERCA overexpression in 

skeletal muscle. The Journal of Clinical Investigation. 2011;121(3):1044-52. doi: 

10.1172/JCI43844. PubMed PMID: 21285509. 

 

224. Talukder MA, Kalyanasundaram A, Zhao X, Zuo L, Bhupathy P, Babu GJ, 

Cardounel AJ, Periasamy M, Zweier JL. Expression of SERCA isoform with faster Ca2+ 

transport properties improves postischemic cardiac function and Ca2+ handling and 

decreases myocardial infarction. American Journal of Physiology-Heart and Circulatory 

Physiology. 2007;293(4):H2418-28. doi: 10.1152/ajpheart.00663.2007. PubMed PMID: 

17630344. 

 

225. Miyamoto MI, del Monte F, Schmidt U, DiSalvo TS, Kang ZB, Matsui T, 

Guerrero JL, Gwathmey JK, Rosenzweig A, Hajjar RJ. Adenoviral gene transfer of 

https://doi.org/10.1016/S0896-6273(03)00322-2


174 

 

SERCA2a improves left-ventricular function in aortic-banded rats in transition to heart 

failure. Proceedings of the National Academy of Sciences of the United States of 

America. 2000;97(2):793-8. doi: 10.1073/pnas.97.2.793. PubMed PMID: 10639159; 

PMCID: PMC15410. 

 

226. Prunier F, Kawase Y, Gianni D, Scapin C, Danik SB, Ellinor PT, Hajjar RJ, Del 

Monte F. Prevention of ventricular arrhythmias with sarcoplasmic reticulum Ca2+ 

ATPase pump overexpression in a porcine model of ischemia reperfusion. Circulation. 

2008;118(6):614-24. doi: 10.1161/circulationaha.108.770883. PubMed PMID: 18645052. 

 

227. Fu S, Yang L, Li P, Hofmann O, Dicker L, Hide W, Lin X, Watkins SM, Ivanov 

AR, Hotamisligil GS. Aberrant lipid metabolism disrupts calcium homeostasis causing 

liver endoplasmic reticulum stress in obesity. Nature. 2011;473(7348):528-31. doi: 

10.1038/nature09968. PubMed PMID: 21532591. 

 

228. Kang S, Dahl R, Hsieh W, Shin A, Zsebo KM, Buettner C, Hajjar RJ, Lebeche D. 

Small molecular allosteric activator of the sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA) attenuates diabetes and metabolic disorders. The Journal of Biological 

Chemistry. 2016;291(10):5185-98. doi: 10.1074/jbc.M115.705012. PubMed PMID: 

26702054; PMCID: PMC4777852. 

 

229. Dahl R. A new target for Parkinson's disease: Small molecule SERCA activator 

CDN1163 ameliorates dyskinesia in 6-OHDA-lesioned rats. Bioorganic & Medicinal 

Chemistry. 2017;25(1):53-7. doi: 10.1016/j.bmc.2016.10.008. PubMed PMID: 27776889. 

 

230. Kolb ME, Horne ML, Martz R. Dantrolene in human malignant hyperthermia. 

Anesthesiology. 1982;56(4):254-62. doi: 10.1097/00000542-198204000-00005. PubMed 

PMID: 7039419. 

 

231. Sturgill EL, Wittwer RL. Novel treatment using intravenous dantrolene sodium 

for postoperative exacerbated spasticity in multiple sclerosis: A case report. A & A 

Practice. 2018;11(1):25-7. doi: 10.1213/XAA.0000000000000801. PubMed PMID: 

29851691. 

 

232. van Karnebeek C, Horvath G, Murphy T, Purtzki J, Bowden K, Sirrs S, Honey 

CR, Stockler S. Deep brain stimulation and dantrolene for secondary dystonia in x-linked 

adrenoleukodystrophy. JIMD Reports. 2014;15:113-6. doi: 10.1007/8904_2014_305. 

PubMed PMID: 24718842. 

 

233. Chou CC, Wen MS, Lee HL, Chang PC, Wo HT, Yeh SJ, Wu D. Dantrolene 

suppresses ventricular ectopy and arrhythmogenicity with acute myocardial infarction in 

a langendorff-perfused pacing-induced heart failure rabbit model. Journal of 

Cardiovascular Electrophysiology. 2014;25(4):431-9. doi: 10.1111/jce.12320. PubMed 

PMID: 24237771. 

 



175 

 

234. Peng J, Liang G, Inan S, Wu Z, Joseph DJ, Meng Q, Peng Y, Eckenhoff MF, Wei 

H. Dantrolene ameliorates cognitive decline and neuropathology in Alzheimer triple 

transgenic mice. Neuroscience Letters. 2012;516(2):274-9. doi: 

10.1016/j.neulet.2012.04.008. PubMed PMID: 22516463; PMCID: PMC3351794. 

 

235. Oules B, Del Prete D, Greco B, Zhang X, Lauritzen I, Sevalle J, Moreno S, 

Paterlini-Brechot P, Trebak M, Checler F, Benfenati F, Chami M. Ryanodine receptor 

blockade reduces amyloid-beta load and memory impairments in Tg2576 mouse model 

of Alzheimer disease. The Journal of Neuroscience. 2012;32(34):11820-34. doi: 

10.1523/jneurosci.0875-12.2012. PubMed PMID: 22915123; PMCID: PMC3458216. 

 

236. Chakroborty S, Briggs C, Miller MB, Goussakov I, Schneider C, Kim J, Wicks J, 

Richardson JC, Conklin V, Cameransi BG, Stutzmann GE. Stabilizing ER Ca2+ channel 

function as an early preventative strategy for Alzheimer's disease. PloS One. 

2012;7(12):e52056. doi: 10.1371/journal.pone.0052056. PubMed PMID: 23284867; 

PMCID: PMC3528716. 

 

237. Barrett PJ. Ecstasy and dantrolene. BMJ (Clinical research ed). 

1992;305(6863):1225. doi: 10.1136/bmj.306.6870.146. PubMed PMID: 1361389; 

PMCID: PMC1883797. 

 

238. Webb C, Williams V. Ecstasy intoxication: appreciation of complications and the 

role of dantrolene. Anaesthesia. 1993;48(6):542-3. doi: 10.1111/j.1365-

2044.1993.tb07102.x. PubMed PMID: 8100690. 

 

239. Lydiatt JS, Hill GE. Treatment of heat stroke with dantrolene. The Journal of the 

American Medical Association. 1981;246(1):41-2. doi: 

10.1001/jama.1981.03320010023020. PubMed PMID: 7241727. 

 

240. Channa AB, Seraj MA, Saddique AA, Kadiwal GH, Shaikh MH, Samarkandi AH. 

Is dantrolene effective in heat stroke patients? Critical Care Medicine. 1990;18(3):290-2. 

doi: 10.1097/00003246-19900.0000-00009. PubMed PMID: 2302955. 

 

241. Galeotti N, Bartolini A, Ghelardini C. Blockade of intracellular calcium release 

induces an antidepressant-like effect in the mouse forced swimming test. 

Neuropharmacology. 2006;50(3):309-16. doi: 10.1016/j.neuropharm.2005.09.005. 

PubMed PMID: 16249008. 

 

242. Hu W-Y, He Z-Y, Yang L-J, Zhang M, Xing D, Xiao Z-C. The Ca(2+) channel 

inhibitor 2-APB reverses β-amyloid-induced LTP deficit in hippocampus by blocking 

BAX and caspase-3 hyperactivation. British journal of pharmacology. 2015;172(9):2273-

85. doi: 10.1111/bph.13048. PubMed PMID: 25521332. 

 

243. Marchi S, Patergnani S, Missiroli S, Morciano G, Rimessi A, Wieckowski MR, 

Giorgi C, Pinton P. Mitochondrial and endoplasmic reticulum calcium homeostasis and 



176 

 

cell death. Cell Calcium. 2018;69:62-72. doi: 10.1016/j.ceca.2017.05.003. PubMed 

PMID: 28515000. 

 

244. Bull R, Finkelstein JP, Galvez J, Sanchez G, Donoso P, Behrens MI, Hidalgo C. 

Ischemia enhances activation by Ca2+ and redox modification of ryanodine receptor 

channels from rat brain cortex. The Journal of Neuroscience. 2008;28(38):9463-72. doi: 

10.1523/jneurosci.2286-08.2008. PubMed PMID: 18799678. 

 

245. Bodalia A, Li H, Jackson MF. Loss of endoplasmic reticulum Ca2+ homeostasis: 

contribution to neuronal cell death during cerebral ischemia. Acta Pharmacologica Sinica. 

2013;34(1):49-59. doi: 10.1038/aps.2012.139. PubMed PMID: 23103622; PMCID: 

PMC4086488. 

 

246. Airavaara M, Chiocco MJ, Howard DB, Zuchowski KL, Peranen J, Liu C, Fang 

S, Hoffer BJ, Wang Y, Harvey BK. Widespread cortical expression of MANF by AAV 

serotype 7: localization and protection against ischemic brain injury. Experimental 

Neurology. 2010;225(1):104-13. doi: 10.1016/j.expneurol.2010.05.020. PubMed PMID: 

20685313; PMCID: PMC2925275. 

 

247. Li F, Hayashi T, Jin G, Deguchi K, Nagotani S, Nagano I, Shoji M, Chan PH, 

Abe K. The protective effect of dantrolene on ischemic neuronal cell death is associated 

with reduced expression of endoplasmic reticulum stress markers. Brain Research. 

2005;1048(1):59-68. doi: 10.1016/j.brainres.2005.04.058. 

 

248. Swinney DC, Anthony J. How were new medicines discovered? Nature Reviews 

Drug Discovery. 2011;10:507. doi: 10.1038/nrd3480. PubMed PMID: 10.1038/nrd3480. 

 

249. Zubair M, Ahmad J. Plasma heat shock proteins (HSPs) 70 and 47 levels in 

diabetic foot and its possible correlation with clinical variables in a North Indian Tertiary 

care hospital. Diabetes & Metabolic Syndrome. 2015;9(4):237-43. doi: 

10.1016/j.dsx.2015.02.015. PubMed PMID: 25784639. 

 

250. Giusti L, Baldini C, Ciregia F, Giannaccini G, Giacomelli C, De Feo F, Delle 

Sedie A, Riente L, Lucacchini A, Bazzichi L, Bombardieri S. Is GRP78/BiP a potential 

salivary biomarker in patients with rheumatoid arthritis? Proteomics Clinical 

Applications. 2010;4(3):315-24. doi: 10.1002/prca.200900082. PubMed PMID: 

21137052. 

 

251. Chang X, Zhao Y, Yan X, Pan J, Fang K, Wang L. Investigating a pathogenic role 

for TXNDC5 in rheumatoid arthritis. Arthritis Research & Therapy. 2011;13(4):R124-R. 

doi: 10.1186/ar3429. PubMed PMID: 21801346. 

 

252. Kakugawa T, Yokota S-I, Ishimatsu Y, Hayashi T, Nakashima S, Hara S, 

Sakamoto N, Kubota H, Mine M, Matsuoka Y, Mukae H, Nagata K, Kohno S. Serum 

heat shock protein 47 levels are elevated in acute interstitial pneumonia. BMC Pulmonary 

https://doi.org/10.1016/j.ceca.2017.05.003
https://doi.org/10.1016/j.brainres.2005.04.058


177 

 

Medicine. 2014;14:48. doi: 10.1186/1471-2466-14-48. PubMed PMID: 24650086; 

PMCID: PMC3994423. 

 

253. Nguyen EV, Gharib SA, Palazzo SJ, Chow Y-h, Goodlett DR, Schnapp LM. 

Proteomic profiling of bronchoalveolar lavage fluid in critically ill patients with 

ventilator-associated pneumonia. PloS One. 2013;8(3):e58782. doi: 

10.1371/journal.pone.0058782. PubMed PMID: 23505561; PMCID: PMC3591362. 

 

254. Henderson MJ, Wires ES, Trychta KA, Yan X, Harvey BK. Monitoring 

endoplasmic reticulum calcium homeostasis using a Gaussia luciferase SERCaMP. 

Journal of Visualized Experiments. 2015(103). doi: 10.3791/53199. PubMed PMID: 

26383227. 

 

255. Trychta KA, Heathward EJ, Sulima A, Back S, Farokhnia M, Richie CT, Leggio 

L, Rice KC, Harvey BK. Extracellular esterase activity as an indicator of endoplasmic 

reticulum calcium depletion. Biomarkers. 2018;23(8):756-65. doi: 

10.1080/1354750X.2018.1490968. PubMed PMID: 30095301; PMCID: PMC6348867. 

 

256. Borlongan CV, Hida H, Nishino H. Early assessment of motor dysfunctions aids 

in successful occlusion of the middle cerebral artery. Neuroreport. 1998;9(16):3615-21. 

doi: 10.1097/00001756-199811160-00012. PubMed PMID: 9858369. 

 

257. Bodman‐Smith MD, Corrigall VM, Kemeny DM, Panayi GS. BiP, a putative 

autoantigen in rheumatoid arthritis, stimulates IL‐10‐producing CD8‐positive T cells 

from normal individuals. Rheumatology. 2003;42(5):637-44. doi: 

10.1093/rheumatology/keg204. PubMed PMID: 12709539. 

 

258. Lu MC, Lai NS, Yu HC, Huang HB, Hsieh SC, Yu CL. Anti-citrullinated protein 

antibodies bind surface-expressed citrullinated Grp78 on monocyte/macrophages and 

stimulate tumor necrosis factor alpha production. Arthritis and Rheumatism. 

2010;62(5):1213-23. doi: 10.1002/art.27386. PubMed PMID: 20213805. 

 

259. Yepes M, Lawrence DA. Tissue-type plasminogen activator and neuroserpin: A 

well-balanced act in the nervous system? Trends in Cardiovascular Medicine. 

2004;14(5):173-80. doi: 10.1016/j.tcm.2004.03.004. PubMed PMID: 15261888. 

 

260. Yepes M, Sandkvist M, Wong MK, Coleman TA, Smith E, Cohan SL, Lawrence 

DA. Neuroserpin reduces cerebral infarct volume and protects neurons from ischemia-

induced apoptosis. Blood. 2000;96(2):569-76. PubMed PMID: 10887120. 

 

261. Cuadrado E, Ortega L, Hernandez-Guillamon M, Penalba A, Fernandez-Cadenas 

I, Rosell A, Montaner J. Tissue plasminogen activator (t-PA) promotes neutrophil 

degranulation and MMP-9 release. Journal of Leukocyte Biology. 2008;84(1):207-14. 

doi: 10.1189/jlb.0907606. PubMed PMID: 18390930. 

 

https://doi.org/10.1016/j.tcm.2004.03.004


178 

 

262. Wang YF, Tsirka SE, Strickland S, Stieg PE, Soriano SG, Lipton SA. Tissue 

plasminogen activator (tPA) increase neuronal damage after focal cerebral ischemia in 

wild-type and tPA-deficient mice. Nature Medicine. 1998;4:228. doi: 10.1038/nm0298-

228. PubMed PMID: 9461198. 

 

263. Lakhan SE, Kirchgessner A, Tepper D, Leonard A. Matrix metalloproteinases and 

blood-brain barrier disruption in acute ischemic stroke. Frontiers in Neurology. 

2013;4:32. doi: 10.3389/fneur.2013.00032. PubMed PMID: PMC3615191. 

 

264. Yang X, Asakawa T, Han S, Liu L, Li W, Wu W, Luo Y, Cao W, Cheng X, Xiao 

B, Namba H, Lu C, Dong Q, Wang L. Neuroserpin protects rat neurons and microglia-

mediated inflammatory response against oxygen-glucose deprivation and reoxygenation 

treatments in an in vitro study. Cellular Physiology and Biochemistry. 2016;38(4):1472-

82. doi: 10.1159/000443089. PubMed PMID: 27035834. 

 

265. Osman AA, Saito M, Makepeace C, Permutt MA, Schlesinger P, Mueckler M. 

Wolframin expression induces novel ion channel activity in endoplasmic reticulum 

membranes and increases intracellular calcium. The Journal of Biological Chemistry. 

2003;278(52):52755-62. doi: 10.1074/jbc.M310331200. PubMed PMID: 14527944. 

 

266. Lu S, Kanekura K, Hara T, Mahadevan J, Spears LD, Oslowski CM, Martinez R, 

Yamazaki-Inoue M, Toyoda M, Neilson A, Blanner P, Brown CM, Semenkovich CF, 

Marshall BA, Hershey T, Umezawa A, Greer PA, Urano F. A calcium-dependent 

protease as a potential therapeutic target for Wolfram syndrome. Proceedings of the 

National Academy of Sciences of the United States of America. 2014;111(49):E5292-

301. doi: 10.1073/pnas.1421055111. PubMed PMID: 25422446; PMCID: PMC4267371. 

 

267. Fonseca SG, Urano F, Weir GC, Gromada J, Burcin M. Wolfram syndrome 1 and 

adenylyl cyclase 8 interact at the plasma membrane to regulate insulin production and 

secretion. Nature Cell Biology. 2012;14(10):1105-12. doi: 10.1038/ncb2578. PubMed 

PMID: 22983116; PMCID: PMC3589109. 

 

268. Luuk H, Plaas M, Raud S, Innos J, Sütt S, Lasner H, Abramov U, Kurrikoff K, 

Kõks S, Vasar E. Wfs1-deficient mice display impaired behavioural adaptation in 

stressful environment. Behavioural Brain Research. 2009;198(2):334-45. doi: 

10.1016/j.bbr.2008.11.007. 

 

269. Saunders A, Johnson C, Sabatini B. Novel recombinant adeno-associated viruses 

for Cre activated and inactivated transgene expression in neurons. Frontiers in Neural 

Circuits. 2012;6(47). doi: 10.3389/fncir.2012.00047. PubMed PMID: 22866029; PMCID: 

PMC3406316. 

 

270. Danzer KM, Haasen D, Karow AR, Moussaud S, Habeck M, Giese A, 

Kretzschmar H, Hengerer B, Kostka M. Different species of alpha-synuclein oligomers 

induce calcium influx and seeding. The Journal of Neuroscience. 2007;27(34):9220-32. 

doi: 10.1523/jneurosci.2617-07.2007. PubMed PMID: 17715357. 

https://doi.org/10.1016/j.bbr.2008.11.007


179 

 

271. Hettiarachchi NT, Parker A, Dallas ML, Pennington K, Hung CC, Pearson HA, 

Boyle JP, Robinson P, Peers C. alpha-Synuclein modulation of Ca2+ signaling in human 

neuroblastoma (SH-SY5Y) cells. Journal of Neurochemistry. 2009;111(5):1192-201. doi: 

10.1111/j.1471-4159.2009.06411.x. PubMed PMID: 19860837. 

 

272. Furukawa K, Matsuzaki-Kobayashi M, Hasegawa T, Kikuchi A, Sugeno N, 

Itoyama Y, Wang Y, Yao PJ, Bushlin I, Takeda A. Plasma membrane ion permeability 

induced by mutant alpha-synuclein contributes to the degeneration of neural cells. Journal 

of Neurochemistry. 2006;97(4):1071-7. doi: 10.1111/j.1471-4159.2006.03803.x. PubMed 

PMID: 16606366. 

 

273. Follett J, Darlow B, Wong MB, Goodwin J, Pountney DL. Potassium 

depolarization and raised calcium induces alpha-synuclein aggregates. Neurotoxicity 

Research. 2013;23(4):378-92. doi: 10.1007/s12640-012-9366-z. PubMed PMID: 

23250862. 

 

274. Song JY, Lim JW, Kim H, Morio T, Kim KH. Oxidative stress induces nuclear 

loss of DNA repair proteins Ku70 and Ku80 and apoptosis in pancreatic acinar AR42J 

cells. Journal of Biological Chemistry. 2003;278(38):36676-87. doi: 

10.1074/jbc.M303692200. PubMed PMID: 12867423. 

 

275. Wenceslau CF, McCarthy CG, Szasz T, Spitler K, Goulopoulou S, Webb RC. 

Mitochondrial damage-associated molecular patterns and vascular function. European 

Heart Journal. 2014;35(18):1172-7. doi: 10.1093/eurheartj/ehu047. PubMed PMID: 

24569027; PMCID: PMC4012709. 

 

276. Gardella S, Andrei C, Ferrera D, Lotti LV, Torrisi MR, Bianchi ME, Rubartelli A. 

The nuclear protein HMGB1 is secreted by monocytes via a non-classical, vesicle-

mediated secretory pathway. EMBO Reports. 2002;3(10):995-1001. doi: 10.1093/embo-

reports/kvf198. PubMed PMID: 12231511; PMCID: PMC1307617. 

 

277. Sollazzo D, Forte D, Polverelli N, Perricone M, Romano M, Luatti S, Vianelli N, 

Cavo M, Palandri F, Catani L. Circulating calreticulin is increased in myelofibrosis: 

Correlation with Interleukin-6 plasma levels, bone marrow fibrosis, and splenomegaly. 

Mediators of Inflammation. 2016;2016:5860657. doi: 10.1155/2016/5860657. PubMed 

PMID: 27672242; PMCID: PMC5031875. 

 

278. Merali S, Barrero CA, Bowler RP, Chen DE, Criner G, Braverman A, Litwin S, 

Yeung A, Kelsen SG. Analysis of the plasma proteome in COPD: Novel low abundance 

proteins reflect the severity of lung remodeling. Journal of Chronic Obstructive 

Pumonary Disease. 2014;11. doi: 10.3109/15412555.2013.831063. PubMed PMID: 

24111704; PMCID: PMC4497366. 

 

279. Takahashi K, Pavlidis S, Ng Kee Kwong F, Hoda U, Rossios C, Sun K, Loza M, 

Baribaud F, Chanez P, Fowler SJ, Horvath I, Montuschi P, Singer F, Musial J, Dahlen B, 

Dahlen SE, Krug N, Sandstrom T, Shaw DE, Lutter R, Bakke P, Fleming LJ, Howarth 



180 

 

PH, Caruso M, Sousa AR, Corfield J, Auffray C, De Meulder B, Lefaudeux D, 

Djukanovic R, Sterk PJ, Guo Y, Adcock IM, Chung KF. Sputum proteomics and airway 

cell transcripts of current and ex-smokers with severe asthma in U-BIOPRED: an 

exploratory analysis. The European Respiratory Journal. 2018;51(5). doi: 

10.1183/13993003.02173-2017. PubMed PMID: 29650557. 

 

280. Korf-Klingebiel M, Reboll MR, Klede S, Brod T, Pich A, Polten F, Napp LC, 

Bauersachs J, Ganser A, Brinkmann E, Reimann I, Kempf T, Niessen HW, Mizrahi J, 

Schonfeld HJ, Iglesias A, Bobadilla M, Wang Y, Wollert KC. Myeloid-derived growth 

factor (C19orf10) mediates cardiac repair following myocardial infarction. Nature 

Medicine. 2015;21(2):140-9. doi: 10.1038/nm.3778. PubMed PMID: 25581518. 

 

281. Polten F, Reboll M, Widera C, Kempf T, Bethmann K, Gupta P, Miglietta J, 

Pekcec A, Tillmanns J, Bauersachs J, Giannitsis E, Pich A, Wollert KC. Plasma 

concentrations of myeloid-derived growth factor in healthy individuals and patients with 

acute myocardial infarction as assessed by multiple reaction monitoring-mass 

spectrometry. Analytical Chemistry. 2019;91(2):1302-1308. doi: 

10.1021/acs.analchem.8b03041. PubMed PMID: 30543396. 

 

282. Chien CY, Hung YJ, Shieh YS, Hsieh CH, Lu CH, Lin FH, Su SC, Lee CH. A 

novel potential biomarker for metabolic syndrome in Chinese adults: Circulating protein 

disulfide isomerase family A, member 4. PloS One. 2017;12(6):e0179963. doi: 

10.1371/journal.pone.0179963. PubMed PMID: 28650993; PMCID: PMC5484513. 

 

283. Fu R, Yang P, Wu HL, Li ZW, Li ZY. GRP78 secreted by colon cancer cells 

facilitates cell proliferation via PI3K/Akt signaling. Asian Pacific Journal of Cancer 

Prevention. 2014;15(17):7245-9. doi: 10.7314/apjcp.2014.15.17.7245. PubMed PMID: 

25227822. 

 

284. Kani K, Malihi PD, Jiang Y, Wang H, Wang Y, Ruderman DL, Agus DB, 

Mallick P, Gross ME. Anterior gradient 2 (AGR2): blood-based biomarker elevated in 

metastatic prostate cancer associated with the neuroendocrine phenotype. The Prostate. 

2013;73(3):306-15. doi: 10.1002/pros.22569. PubMed PMID: 22911164. 

 

285. Edgell TA, Barraclough DL, Rajic A, Dhulia J, Lewis KJ, Armes JE, Barraclough 

R, Rudland PS, Rice GE, Autelitano DJ. Increased plasma concentrations of anterior 

gradient 2 protein are positively associated with ovarian cancer. Clinical Science. 

2010;118(12):717-25. doi: 10.1042/cs20090537. PubMed PMID: 20136634. 

 

286. Makawita S, Smith C, Batruch I, Zheng Y, Rückert F, Grützmann R, Pilarsky C, 

Gallinger S, Diamandis EP. Integrated proteomic profiling of cell line conditioned media 

and pancreatic juice for the identification of pancreatic cancer biomarkers. Molecular & 

CellularPproteomics. 2011;10(10):M111.008599-M111. doi: 10.1074/mcp.M111.008599. 

PubMed PMID: 21653254. 

 



181 

 

287. Liu R, Gong J, Chen J, Li Q, Song C, Zhang J, Li Y, Liu Z, Dong Y, Chen L, Jin 

B. Calreticulin as a potential diagnostic biomarker for lung cancer. Cancer Immunology, 

Immunotherapy. 2012;61(6):855-64. doi: 10.1007/s00262-011-1146-8. PubMed PMID: 

22083347. 

 

288. Sogawa K, Takano S, Iida F, Satoh M, Tsuchida S, Kawashima Y, Yoshitomi H, 

Sanda A, Kodera Y, Takizawa H, Mikata R, Ohtsuka M, Shimizu H, Miyazaki M, 

Yokosuka O, Nomura F. Identification of a novel serum biomarker for pancreatic cancer, 

C4b-binding protein α-chain (C4BPA) by quantitative proteomic analysis using tandem 

mass tags. British Journal of Cancer. 2016;115(8):949-56. doi: 10.1038/bjc.2016.295. 

PubMed PMID: 27657339. 

 

289. Chu H, Wu T, Wu W, Tu W, Jiang S, Chen S, Ma Y, Liu Q, Zhou X, Jin L, Wang 

J. Involvement of collagen-binding heat shock protein 47 in scleroderma-associated 

fibrosis. Protein & Cell. 2015;6(8):589-98. doi: 10.1007/s13238-015-0171-3. PubMed 

PMID: 26091621. 

 

290. Ma J, Luo X, Wu Q, Chen Z, Kou L, Wang H. Circulation levels of acute phase 

proteins in patients with Takayasu arteritis. Journal of Vascular Surgery. 2010;51(3):700-

6. doi: 10.1016/j.jvs.2009.09.038. PubMed PMID: 20100644. 

 

291. Wang Y, Xie J, Liu Z, Fu H, Huo Q, Gu Y, Liu Y. Association of calreticulin 

expression with disease activity and organ damage in systemic lupus erythematosus 

patients. Experimental and Therapeutic Medicine. 2017;13(5):2577-83. doi: 

10.3892/etm.2017.4235. PubMed PMID: 28565882. 

 
 


