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Abstract 

The endoplasmic reticulum (ER) is the cellular organelle where proteins from the secretory 
pathway fold. The ER is a very dinamic organelle that can respond rapidly to changes in the ER load by 
upregulating the ER resident proteins that are involved in the folding process. Simultaneously, less 
proteins from the secretory pathway are synthesized. The whole cascade of events is called the unfolded 
protein response (UPR). The UPR can originate from physiological or pathological conditions and 
many times the ER changes  in a subtle manner. Researchers working in the ER field developed various 
tools to assay the ER stress. Here we describe methods optimized in our laboratory and show that 
western blotting, quantitative real time polymerase chain reaction (RT-qPCR) and  reverse 
transcription-polymerase chain reaction (RT-PCR) are reliable, cost-effective techniques that 
researchers can choose to evidence ER stress activation.  

 
Abbreviations:  

BiP, immunoglobulin heavy-chain binding protein; ER, endoplasmic reticulum; TG, thapsigargin; TN, 
tunicamycin; UPR, unfolded protein response; IRE1, inositol-requiring kinase 1; XBP1, X-box-
binding protein 1;   PERK, RNA-dependent protein kinase-like ER kinase; ATF6, activating 
transcription factor 6; eIF2�, eukaryotic translational initiation factor 2���Bcl-2, B cell lymphoma 
2,   ATF4, activating transcription factor 4;  CHOP, CCAAT/enhancer-binding protein-homologous 
protein; GRP, glucose-regulated proteins, CREB-RP,  cyclic AMP-response-element-binding protein-
related protein; S1P, site-1 protease;S2P, site-2 protease; ERSE, ER stress response elements; Grp94, 
Glucose-regulated protein 94;  ERp44, endoplasmic reticulum resident protein 44 kDa; ERp72, 
endoplasmic reticulum resident protein 72 kDa; ERp57, endoplasmic reticulum resident protein 57 
kDa; Ero1�, ER oxidoreductin 1�;  DTT , dithiothreitol; GAPDH, Glyceraldehyde-3-Phosphate 
Dehydrogenase; ERAD, ER-associated degradation; ECL, enhanced chemiluminescence; RT-PCR, 
reverse transcription-polymerase chain reaction; RT-qPCR, quantitative real time polymerase chain 
reaction. 

1. The endoplasmic reticulum – a short overview  
The endoplasmic reticulum (ER) is essential for production of secretory proteins 

(BRAAKMAN [1]).  Proteins from secretory pathway emerge from ER-bound ribosomes and 
are further modified and folded by the ER folding machinery. There are three major classes of 
ER resident proteins: molecular chaperones, foldases and lectins (SCHRODER [2]).   

The molecular chaperones facilitate protein folding by shielding unfolded regions 
from surrounding proteins. BiP for instance binds to the hydrophobic patches that are exposed 
during folding, thus preventing aggregation.  The foldases (cis–trans peptidyl–prolyl 
isomerases, PPI/immunophilins and PDIs) catalyze steps in protein folding such as the 
formation and isomerization of disulfide bonds. Lectins interact with glycoproteins due to the 
presence of a lectin site that can recognize an early folding oligosaccharide processing 
intermediate on the folding glycoprotein (WILLIAMS [3]). Correctly folded secretory 
proteins are exported to intracellular organelles or to the extracellular surface. Proteins 
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containing mutations that lead to misfolding will accumulate in the ER lumen. The misfolded 
proteins are further subjected to degradation by the ER-associated degradation pathway 
(ERAD) (BRODSKY [4]) or by autophagy (LE FOURN [5]).  
 ER is the main storage for calcium: the luminal concentration for calcium can reach 
about 5 mM, while the majority is bound to ER resident chaperones, as they require calcium 
for optimal function (COE [6]). Calcium is not only an important secondary messenger; it 
participates also to protein folding by binding directly to calcium sites within proteins 
structure (PENA [7]). As proteins bind calcium with certain affinity constants, calcium needs 
to be present in high concentration at early folding stages. 

The ER also controls the synthesis of two major components of all biological 
membranes: sterols and phopholipids (BLOM [8]). By influencing the composition, the ER 
modifies the biophysical properties and subsequently the function of all biological membranes 
(FAGONE [9]).  
 In order to rapidly respond to various changes in folding demands, the ER evolved as a 
highly dynamic organelle. When a larger amount of proteins fold in the ER this organelle will 
expand and more ER resident proteins will populate it due to the increased requirement in 
folding enzymes and chaperones (WALTER [10]). The same adaptation occurs when 
misfolded proteins accumulate inside the ER lumen. The ER can adapt because of the 
activation of an integrated signal transduction pathway named the UPR. Briefly, UPR debuts 
when sensor proteins located into the ER lumen detect accumulation of unfolded or misfolded 
proteins (WALTER [10]). The sensors will transmit this information to other molecules in the 
cytosol and furthermore to nucleus where transcription factors will determine a higher 
expression of ER resident chaperons and a decrease of secretory proteins synthesis. The UPR 
is conserved from yeast to human (FOTI [11]). Below we describe the three UPR pathways 
that are known so far in mammals. 

1.1. Ire1 pathway 
In 1993 two research groups independently reported the identification of IRE1, a type 1 

transmembrane protein in the ER as the sensor and transducer of ER stress (COX [12], MORI  
[13]). IRE1 has three distinct regions: an ER luminal domain (that binds BiP in the repressed 
state (BERTOLOTTI  [14]), a transmembrane domain, and a cytosolic region with a 
serine/threonine kinase domain fused to a ribonuclease domain (SIDRAUSKI [15]). Until 
recently was known that BiP release activates Ire1, however in vitro studies showed that 
unfolded proteins bind directly to the luminal domain of IRE1 (GARDNER [16]), thus 
activating IRE1. Upon activation, IRE1 oligomerizes due to its luminal domain and clusters 
into distinct foci in yeast (ARAGON [17], LI  [18]). This in turn activates its ribonuclease 
function (RNAse), cleaving the mRNA of XBP1 in two specific positions, thus excising an 
intron.  The two fragments are further  ligated giving rise to a spliced mRNA that is translated 
to the active form of the transcription factor XBP1 spliced (WALTER [10]). Spliced XBP1 
(sXBP1) regulates many genes involved in protein entry into the ER, folding, redox 
metabolism, glycosylation, autophagy, ER-associated degradation (ERAD), lipid biogenesis 
and vesicular trafficking (GLIMCHER [19]). 

1.2. PERK pathway 
PERK is structurally related with IRE1, possessing an ER luminal dimerization domain 

and a cytosolic domain connected through a transmembrane domain. Apparently PERK also 
activates when BiP dissociates from its luminal domain. Active PERK phosphorylates the � 
subunit of eukaryotic translational initiation factor 2� (eIF��), thus attenuating global 
protein synthesis (SHI [20], SHI [21], HARDING [22]). Another effect of eIF�� 
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phosphorylation is preferential translation of ATF4, a transcription factor. ATF4 induces 
expression of genes implicated in ER physiology (VALLEJO [23], HARDING [24]). 

Under sustained ER-stress, ATF4 activates CHOP that in turn inhibits the expression of 
anti-apoptotic Bcl-2 (B cell lymphoma 2) protein (MCCULLOUGH [25], KILBERG [26]) 
and contributes to the upregulation of pro-apoptotic proteins (CAZANAVE [27]).  

1.3. ATF6 pathway  
Reported first time in 1998 as a basic leucine zipper protein, ATF6 is an ERSE-binding 

protein.  ATF6 determined enhanced transcription of GRP genes when was overexpressed and 
this phenomenon was ERSE-dependent (YOSHIDA [28]). In mammals there are two 
homologous proteins, ATF6� and ATF6�/CREB-RP/G13 (HAZE [29]). ATF6 is an ER 
transmembrane protein with a large ER luminal domain that has no homology with other ER 
proteins. Despite the differences, BiP binds ATF6, as in the case of Ire1 and PERK. When ER 
is under stress the unfolded proteins accumulate in the ER lumen and BiP dissociates from 
ATF6. Furthermore, ATF6 is packed into vesicles that are transported to the Golgi apparatus. 
Here two proteases – S1P and S2P – cut the full length ATF6: first by removing the luminal 
domain and subsequently the membrane anchored domain (HAZE [30], YE [31]). The 
remaining N-terminal cytosolic fragment moves into the nucleus to activate UPR target genes. 
ATF6 binds to the ATF/CRE element (WANG [32]) and to the ER stress response elements I 
and II (ERSE-I, CCAAT-N9-CCACG (ARAGON [17]), and ERSE-II, ATTGG-N-CCACG 
(KOKAME [33]). ER-resident proteins involved in protein folding, such as BiP, PDI, GRP94, 
CHOP are targets for ATF6 (SCHRODER [2]). 

2. UPR in health and pathology 
Cells respond to fluctuations in folding demand by activating UPR. The stimuli that affect 

the ER can be either physiological or pathological.  It is now well known that hyperglycemia, 
hyperlipidemia, and inflammatory cytokines all disrupt protein folding in the ER. 

UPR and diabetes  
A functional UPR is necessary in cells that suddenly secrete large amounts of protein 

upon certain stimulation. The pancreatic β-cell for instance increase proinsulin synthesis upon 
glucose stimulation in a PERK-eIF2��branch - dependent manner (HARDING [34], 
SCHEUNER [35]).  Disruption of PERK pathway leads to hyperglycemia due to reduced 
insulin levels. More recent data suggest even a homeostatic role for PERK in ��cell survival 
(CAVENER [36]). Proinsulin misfolding, disturbed trafficking of proinsulin and apoptosis are 
induced when an alanine substitution at Ser51 (the phosphorylation site) of 
eIF2��was�combined with the stress of a high fat diet (SCHEUNER [37]), (BACK [38]). 
Hypothetically improper UPR adaptive response or induction of apoptosis due to chronic ER 
stress can be in vivo the cause of β cell failure and loss of glucose homeostasis. To address 
these questions researchers investigated CHOP, a key protein implicated in UPR-induced cell 
death. The pancreatic islets produce more insulin when CHOP is deleted. CHOP deletion also 
precludes β cell apoptosis and at the same time enhances β cell function (SONG [39]).  

The other UPR branch represented by IRE1α and its product XBP1s is required to achieve 
optimal insulin secretion and glucose control. This conclusion arises also from studies using 
cells where XBP1 was deleted. In this experimental condition were observed less insulin 
granules in β-cells, proinsulin processing was impaired, while the proinsulin:insulin ratio has  
increased in serum. Concomitantly IRE1α was hyperactivated, and this hyperactivation could 
be the cause of degradation of some mRNAs encoding proinsulin-processing enzymes (LEE  
[40]).   
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The third UPR branch – ATF6 pathway also seems to be involved in ��cell physiology, 
as shown in several reports (THAMEEM [41], MEEX [42], CHU [43], USUI [44], WANG 
[45]). 

 
3. Experimental approaches for the detection of ER stress 
3.1. Western Blotting for UPR target genes.  
We induced ER stress with chemical agents: tunicamycin (inhibits N-acetylglucosamine, 

preventing N-linked glycosylation of newly synthesized proteins) (2.5 �g/ml for 3-7h) 
(MIZRAHI [46]) or ditiothreitol (DTT) (1 mM for 1 – 2h) (strong reducing agent, in vivo 
prevents formation of disulfide bonds). Control and stressed cells (HeLa, Hek293, or Mef 
cells) were lysed in sample buffer (50 mM Tris/HCl, pH 6.8, 2% SDS, 10% glycerol and 
bromphenol blue) containing protease inhibitors and phosphatase inhibitors (Roche) or in 
lysis buffer (50 mM Hepes, 200 mM NaCl, 2% CHAPS, pH 7.3), and total protein 
concentration of lysates was determined using Pierce BCA protein assay kit. Equal amounts 
of total protein were migrated in SDS-PAGE and transfered to nitrocellulose membranes. The 
membranes were decorated with antibodies (see Table 1 for catalog numbers) following 
manufacturer instructions and proteins were detected with ECL kit (Santa Cruz) or with 
SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific).  

One may think that the best way to study UPR is to directly measure activation of UPR 
sensors (therefore to look for phopho-PERK, phospho-IRE1, and/or cleaved ATF6). 
However, our experience proved us that this is not always easy to accomplish. We tested 
several antibodies and more lysis conditions until we got reproducible blots for phospho-
PERK, and with only one antibody in mouse cells (Figure 1c). In human cells it appears that 
an antibody that recognize endogenous levels of total PERK protein is also capable to 
recognize two different forms of PERK (presumably un-phosphorylated and phosphorylated 
PERK), as a doublet appears after tunicamycin treatment. We propose the use of the 
appearance of this doublet as prove for PERK activation in human cells (see Figure 1b). 

The antibody we purchased for phospho-Ire1 gives a lot of background bands (Figure 1b). 
As a consequence we would rather test it more extensively before recommending it to other 
researchers.  

For ATF6 we tested three different commercial antibodies and with all of them we could 
not obtain a reproducible detection for endogenous ATF6. However, we overexpressed HA-
tagged ATF6 (Addgene) (ZHU [47]) in Mef and Hek293 cells and obtained a robust detection 
(Figure 1d) for the full length protein with several commercial antibodies (see table 1 for 
catalog numbers). We failed to detect the 50 kDa activation product after treatment with either 
tunicamycin or thapsigargin for various time intervals, most probably because it is unstable 
and rapidly degraded protein. Another possibility is that transfection of ATF6 results in high 
levels per cell and only very low levels of the cleaved product are generated in each cell 
(WANG  [32]). However, after 7h treatment with tunicamycin (2.5 �g/ml) or thapsigargin (1 
�M) we obtained faster migrating forms of full-length ATF6, most probably 
underglycosilated forms. It has been proposed already that glycosylation status of 90kDa 
ATF6 can serve as a sensor for ER homeostasis (HONG [48], BADIOLA [49]). Therefore we 
also recommend the use of this technique in evidencing more reproducibly the activation of 
ATF6 pathway. 



Current methods for investigation of the unfolded protein response 
 

Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 8543 

  

Figure 1. Detection of UPR activation. a) HeLa cells were treated with tunicamycin for 4 and 7h (2.5 g/ml) or 
with dithiothreitol (DTT) (1 mM) for 4h. Spliced XBP1 appears after all treatments and its amount increases 
with time. sXBP1* was detected with Biolegend antibody (recognizes only human sXBP1) and sXBP1** with 
Santa Cruz antibody (recognizes both murine and human sXBP1 but the antibody gives a higher background). 
Ire1 is slightly upregulated by tunicamycin stress. b) PERK and phosphorylated Ire1 were detected in HeLa cell 
lysates treated with tunicamycin or DTT. c) Mef cells were treated with tunicamycin (2.5 g/ml) for 4h. 
Phosphorylated PERK (phospho-PERK) and ATF4 were detected in total lysates. d) Mef cells, control and 
tunicamycin (Tuni) (2.5 g/ml) or thapsigargin (Tg) (1 M) treated, were transiently transfected with HA-tagged 
ATF6ATF6 was detected with CosmoBio antibodies and sXBP1 is shown as stress control. e) Unspliced 
(uXBP1) and spliced XBP1 (sXBP1) is shown in an agarose gel in control and tunicamycin (Tuni) (2.5 g/ml) – 
A375 treated cells.  
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Figure 2. Downstream activation of UPR. a) HeLa cells were incubated with tunicamycin (TUNI) (2.5 g/ml) 
and dithiotreithol (DTT) (1 mM) for 4h. ER resident proteins were detected by western bloting. b) Mef cells 
were incubated with tunicamycin (TUNI) (2.5 g/ml), dithiotreithol (DTT) (1 mM) or thapsigargin (1 M) for 
3h, and PDI, BiP and CHOP were detected by western bloting. GAPDH was used as loading control. 

Because of all these difficulties we propose the use of downstream protein markers for 
ER stress as a better way of action. We obtained accurate proves of ER induction under 
chemical stress (tunicamycin and thapsigargin exposure) by looking at: CHOP, ATF4, spliced 
XBP1, BiP, PDI, ERp44, ERp57, ERp72, Ero1, and Grp94 in western blot. Figure 1a shows 
undetectable levels of sXBP1 in control cells. sXBP1 could be detected after 4h treatment 
with tunicamycin and the amount increases at longer exposure to this stressor. We detected 
sXBP1 with two different antibodies as one only detects the human sXBP1 (Biolegend) with 
very low background while the other can recognize both murine and human protein (Santa 
Cruz), though with a higher background. ATF4 is strongly induced by tunicamycin treatment 
(Figure 1c). Ero1ERp72, ERp44, ERp57, Grp94 are upregulated after 4h of tunicamycin 
treatment, but at a much lesser extent after incubation in 1mM DTT (Figure 2a). Interestingly, 
BiP is induced by tunicamycin and thapsigargin stress, and not by DTT. CHOP is also 
reaching high levels after tunicamycin treatment but there is a lower induction after DTT and 
thapsigargin stress (Figure 2b). 

Table 1. Antibodies that reproducibly detect markers of UPR.  

Protein Antibody Catalog Number 
Ero1 Cell Signaling #3264 
ERp72 Cell Signaling #2798 
ERp57 Cell Signaling #2881 
ERp44 Cell Signaling #2886 
Grp94 Cell Signaling #2104 
PDI Cell Signaling #3501 
BiP Cell Signaling #3177 
sXBP1 Santa Cruz SC-7160 

Biolegend 647502 
ATF4 Santa Cruz SC-200 
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CHOP Cell Signaling #2895 
PERK total Cell Signaling #5683 
phospho-PERK Cell Signaling #3179 
Ire1 Cell Signaling #3294 
phospho-Ire1 Abcam ab124945 
ATF6 Imgenex  IMG-273 

CosmoBio BAM-73-505-EX 
GAPDH Fitzgerald 10R-G109A 
actin Abcam ab8226 

 

3.2. mRNA levels of UPR target genes. 
ER stress leads to upregulation of ER chaperones and enzymes and of ERAD 

components as a result of the activation of specific sequences in the promotor of ER stress 
genes. As explained above, experimentally it may be difficult sometimes to determine 
activation of ER stress sensors by western blot. As a complementary method we used real-
time PCR successfully to compare expression of ER genes in various stress conditions. We 
induced ER stress with tunicamycin. Control or stressed cells were harvested directly in 
TRIzol (Life Technologies) and stored at -80 oC or used immediately for RNA purification 
using manufacturer recommendations.  SensiMix SYBR No-Rox one-step Kit (Bioline) was 
used for RT-qPCR reactions that contain 100 ng total RNA template and 250 nM primers (see 
table 2 for primer sequences). Some primers were used previously (FENG [50]). As internal 
reference we used beta actin expression and found that ER resident proteins are upregulated 
upon ER stress also at mRNA level. We show in Figure 3 induction of several ER resident 
proteins after treatment with tunicamycin in Mef cells. BiP is overexpressed in higher folds 
than ERp72 and ERp57, as well as Herpud1 that was shown as being involved in both UPR 
and ERAD. 

Table 2.  Sequence of primers used for several murine ER resident proteins (purchased from Eurofins MWG 
Operon GmbH).  

Gene  Primers  

BiP Forward:    5’GCTTCGTGTCTCCTCCTGAC3’ 
Reverse:    5’TAGGAGTCCAGCAACAGGCT3’ 

ERp57 Forward:    5’CAAGAGGCTTGCCCCTGAG3’ 
Reverse:    5’GGTGTTTGTGTTGGCAGTGC3’ 

ERp72 Forward:    5’TTCCACGTGATGGATGTTCAG3’ 
Reverse:    5’AGTCTTACGATGGCCCACCA3’ 

Herpud1 Forward:    5’CCCACCTGAGCCGAGTCTAC3’ 
Reverse:    5’CTTGGAGACACTGGTGATCCAA3’ 

�-Actin Forward:    5’GGCACCACACCTTCTACAATG3’ 
Reverse:    5’GGGGTGTTGAAGGTCTCAAAC3’ 
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Figure 3. Induction of UPR genes upon ER stress. Mef cells were cultured in the presence of tunicamycin 

(TUNI) (2.5µg/ml) for 4 hours. Each mRNA was quantified by RT-qPCR using -actin as reference gene in 
control and tunicamycin-treated cells. The graph shows how many times a gene is up-regulated after 
tunicamycin treatment. 

 
3.3. XBP-1 reverse transcription PCR (RT-PCR) splicing assay. 
Upon ER stress, transcribed XBP-1 mRNA is converted to its active form by 

unconventional cytoplasmic splicing mediated by IRE-1 (YOSHIDA  [51]). XBP1 protein 
derived from spliced XBP1 mRNA functions as a potent transcription factor. We evidenced 
the protein product by western blot and described the protocol used above. However, we 
successfully employed another cheap, semi-quantitative method to measure expression of 
spliced XBP1: agarose analysis after RT-PCR, based on the length difference between 
unspliced and spliced XBP1. The protocol we used belongs to David Ron lab (HARDING 
[52]). 

Cells (control and stressed cells with tunicamycin) were dissolved in TRIzol (Life 
Technologies) and total RNA was purified following the manufacturer recommendations. We 
used DEPC treated water to dissolve RNA. RNA purification was followed by the reverse 
transcription using Promega ImProm-II™ Reverse Transcription System kit for RT and 
spliced and non-spliced XBP1 were amplified with a PCR using specific primers. Table 3 
contains the detailed sequence of the primers we used.  PCR product was visualized on a 
2.5% agarose gel (see Figure 1e).  
 
Table 3. Primers used to detect XBP1 mRNA (HARDING [52]).  
 
Primer Sequence 
hXBP1 forward 5’ AAACAGAGTAGCAGCTCAGACTGC 3' 
mXBP1 forward 5’ AAACAGAGTAGCAGCGCAGACTGC 3’
mhXBP1 reverse (works for both human 
and mouse) 

5’ TCCTTCTGGGTAGACCTCTGGGAG 3' 

 
PCR program : 4 min at 94°C, (10 sec at 94°C, 30 sec at 63-68°C, and 30 sec at 72°C) × 35, 
and 10 min at 72°C. 
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3.4. Other methods 
We listed above three methods we currently use in our laboratory to analyze UPR 

activation. Beside those, several other laboratories developed alternative experimental 
approaches for investigating UPR. Based on nuclear translocation of soluble ATF6 and of 
sXBP1, many data emerged from immunofluorescence experiments. We found these 
experiments partly difficult when looking at endogenous ATF6 activation, as the technique 
rely on both good antibodies for IEF and translocation of a substantial amount of ATF6 into 
the nucleus. Overcoming these disadvantages and the well-known effects of overexpressing 
ATF6, we propose to look at ATF6 translocation into the nucleus using an assay developed by 
Thermo Scientific (Thermo Scientific ATF6 Redistribution Assay). The system is based on 
recombinant U2OS cells stably expressing human ATF6 fused to the C-terminus of enhanced 
green fluorescent protein (EGFP). However, we found the price of this assay prohibitive.  

There are also several reporter assays which can be used to detect ATF6 and XBP1 
activation.  These techniques make use of luciferase gene that was engineered under the 
control of transcription factors consensus binding sites. In p4xXBPGL3 reporter for instance, 
the luciferase gene is under the control of four tandem copies of the XBP1 consensus binding 
5’-CGCG(TGGATGACGTGTACA)4-3’ (LEE [53]). Although there are some problems 
regarding these reporter systems (several other ERSE reporters, the need to be used in 
combination with the corresponding function-ablating mutant promoter, and so on), the 
reporter assays remain sensitive techniques to detect UPR activation. 
 

Concluding remarks: 

 UPR functions as the major response to ER stress, but also plays indispensable roles in 
normal cellular function, involving both transcriptional and nontranscriptional mechanisms. 
In order to study UPR activation in health and disease is crucial to establish simple methods 
that can insure reproducible data about different levels of UPR activation. We showed that 
western blotting, Q-PCR and RT-PCR are reliable, cost-effective techniques that can 
contribute to our current knowledge regarding cellular physiology. 

Acknowledgments 
 

FP would like to thank Ioana Popa, Stefan Szedlacsek and Paula Florian for critical reading of 
the manuscript. This work was supported by grants from CNCSIS (TE_48) (FP), and the European 
Social Fund POSDRU 2007-2013 through the contract POSDRU/89/1.5/S/60746 (FP and LS). 
 

References 

1. I. BRAAKMAN AND N. J. BULLEID, Protein folding and modification in the mammalian endoplasmic 
reticulum. Annu. Rev. Biochem., 80, 71, 99 (2011). 

2. M. SCHRODER AND R. J. KAUFMAN, ER stress and the unfolded protein response. Mutat. Res., 
569(1-2),29, 63 (2005). 

3. D.B. WILLIAMS, Beyond lectins: the calnexin/calreticulin chaperone system of the endoplasmic 
reticulum. J. Cell Sci., 119(Pt 4),615, 623 (2006). 

4. J.L. BRODSKY, Cleaning up: ER-associated degradation to the rescue. Cell, 151(6),1163, 1167 (2012). 
5. V. LE FOURN, S. PARK, I. JANG, K. GAPLOVSKA-KYSELA, B. GUHL, Y. LEE, J. W. CHO, C. 

ZUBER AND J. ROTH, Large protein complexes retained in the ER are dislocated by non-COPII 
vesicles and degraded by selective autophagy. Cell Mol. Life Sci., Epub ahead of print (2013). 

6. H. COE AND M. MICHALAK, Calcium binding chaperones of the endoplasmic reticulum. Gen. Physiol. 
Biophys., 28 Spec No Focus,F96, F103 (2009). 



ALINA STROESCU, LIVIA SIMA, FLORENTINA PENA 
 

8548 Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 

7. F. PENA, A. JANSENS, G. VAN ZADELHOFF AND I. BRAAKMAN, Calcium as a crucial cofactor 
for low density lipoprotein receptor folding in the endoplasmic reticulum. J. Biol. Chem., 285(12),8656, 
8664 (2010). 

8. T. BLOM, P. SOMERHARJU AND E. IKONEN, Synthesis and biosynthetic trafficking of membrane 
lipids. Cold Spring Harb. Perspect. Biol., 3(8), doi: 10.1101/cshperspect.a004713 (2011). 

9. P. FAGONE AND S. JACKOWSKI, Membrane phospholipid synthesis and endoplasmic reticulum 
function. J. Lipid Res., 50 Suppl,S311, 316 (2009). 

10. P. WALTER AND D. RON, The unfolded protein response: from stress pathway to homeostatic 
regulation. Science, 334(6059),1081, 1086 (2011). 

11. D.M. FOTI, A. WELIHINDA, R. J. KAUFMAN AND A. S. LEE, Conservation and divergence of the 
yeast and mammalian unfolded protein response. Activation of specific mammalian endoplasmic 
reticulum stress element of the grp78/BiP promoter by yeast Hac1. J. Biol. Chem., 274(43),30402, 30409 
(1999). 

12. J.S. COX, C. E. SHAMU AND P. WALTER, Transcriptional induction of genes encoding endoplasmic 
reticulum resident proteins requires a transmembrane protein kinase. Cell, 73(6), 1197, 1206 (1993). 

13. K. MORI, W. MA, M. J. GETHING AND J. SAMBROOK, A transmembrane protein with a 
cdc2+/CDC28-related kinase activity is required for signaling from the ER to the nucleus. Cell, 
74(4),743, 756 (1993). 

14. BERTOLOTTI, Y. ZHANG, L. M. HENDERSHOT, H. P. HARDING AND D. RON, Dynamic 
interaction of BiP and ER stress transducers in the unfolded-protein response. Nat. Cell Biol., 2(6),326, 
332 (2000). 

15. SIDRAUSKI AND P. WALTER, The transmembrane kinase Ire1p is a site-specific endonuclease that 
initiates mRNA splicing in the unfolded protein response. Cell, 90(6),1031, 1039 (1997). 

16. B.M. GARDNER AND P. WALTER, Unfolded proteins are Ire1-activating ligands that directly induce 
the unfolded protein response. Science, 333(6051),1891, 1894 (2011). 

17. T. ARAGON, E. VAN ANKEN, D. PINCUS, I. M. SERAFIMOVA, A. V. KORENNYKH, C. A. 
RUBIO AND P. WALTER, Messenger RNA targeting to endoplasmic reticulum stress signalling sites. 
Nature, 457(7230),736, 740 (2009). 

18. H. LI, A. V. KORENNYKH, S. L. BEHRMAN AND P. WALTER, Mammalian endoplasmic reticulum 
stress sensor IRE1 signals by dynamic clustering. Proc. Natl. Acad. Sci. USA, 107(37),16113, 16118 
(2010). 

19. L.H. GLIMCHER, XBP1: the last two decades. Ann. Rheum. Dis., 69 Suppl 1,i67, 71 (2010). 
20. Y. SHI, J. AN, J. LIANG, S. E. HAYES, G. E. SANDUSKY, L. E. STRAMM AND N. N. YANG, 

Characterization of a mutant pancreatic eIF-2alpha kinase, PEK, and co-localization with somatostatin in 
islet delta cells. J. Biol. Chem., 274(9),5723, 5730 (1999). 

21. Y. SHI, K. M. VATTEM, R. SOOD, J. AN, J. LIANG, L. STRAMM AND R. C. WEK, Identification 
and characterization of pancreatic eukaryotic initiation factor 2 alpha-subunit kinase, PEK, involved in 
translational control. Mol. Cell Biol., 18(12),7499, 7509 (1998). 

22. H.P. HARDING, Y. ZHANG AND D. RON, Protein translation and folding are coupled by an 
endoplasmic-reticulum-resident kinase. Nature, 397(6716),271, 274 (1999). 

23. M. VALLEJO, D. RON, C. P. MILLER AND J. F. HABENER, C/ATF, a member of the activating 
transcription factor family of DNA-binding proteins, dimerizes with CAAT/enhancer-binding proteins 
and directs their binding to cAMP response elements. Proc. Natl. Acad. Sci. USA, 90(10),4679, 4683 
(1993). 

24. H.P. HARDING, Y. ZHANG, H. ZENG, I. NOVOA, P. D. LU, M. CALFON, N. SADRI, C. YUN, B. 
POPKO, R. PAULES, D. F. STOJDL, J. C. BELL, T. HETTMANN, J. M. LEIDEN AND D. RON, An 
integrated stress response regulates amino acid metabolism and resistance to oxidative stress. Mol. Cell, 
11(3),619, 633 (2003). 

25. K.D. MCCULLOUGH, J. L. MARTINDALE, L. O. KLOTZ, T. Y. AW AND N. J. HOLBROOK, 
Gadd153 sensitizes cells to endoplasmic reticulum stress by down-regulating Bcl2 and perturbing the 
cellular redox state. Mol. Cell Biol., 21(4),1249, 1259 (2001). 

26. M.S. KILBERG, J. SHAN AND N. SU, ATF4-dependent transcription mediates signaling of amino acid 
limitation. Trends Endocrinol. Metab., 20(9),436, 443 (2009). 

27. S.C. CAZANAVE, N. A. ELMI, Y. AKAZAWA, S. F. BRONK, J. L. MOTT AND G. J. GORES, CHOP 
and AP-1 cooperatively mediate PUMA expression during lipoapoptosis. Am. J. Physiol. Gastrointest. 
Liver Physio.,l 299(1),G236, 243 (2010). 

28. H. YOSHIDA, K. HAZE, H. YANAGI, T. YURA AND K. MORI, Identification of the cis-acting 
endoplasmic reticulum stress response element responsible for transcriptional induction of mammalian 



Current methods for investigation of the unfolded protein response 
 

Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 8549 

glucose-regulated proteins. Involvement of basic leucine zipper transcription factors. J. Biol. Chem., 
273(50),33741, 33749 (1998). 

29. K. HAZE, T. OKADA, H. YOSHIDA, H. YANAGI, T. YURA, M. NEGISHI AND K. MORI, 
Identification of the G13 (cAMP-response-element-binding protein-related protein) gene product related 
to activating transcription factor 6 as a transcriptional activator of the mammalian unfolded protein 
response. Biochem J., 355(Pt 1),19, 28 (2001). 

30. K.HAZE, H. YOSHIDA, H. YANAGI, T. YURA AND K. MORI, Mammalian transcription factor ATF6 
is synthesized as a transmembrane protein and activated by proteolysis in response to endoplasmic 
reticulum stress. Mol. Biol. Cell., 10(11),3787, 3799 (1999). 

31. J. YE, R. B. RAWSON, R. KOMURO, X. CHEN, U. P. DAVE, R. PRYWES, M. S. BROWN AND J. L. 
GOLDSTEIN, ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process 
SREBPs. Mol. Cell, 6(6),1355, 1364 (2000). 

32. Y. WANG, J. SHEN, N. ARENZANA, W. TIRASOPHON, R. J. KAUFMAN AND R. PRYWES, 
Activation of ATF6 and an ATF6 DNA binding site by the endoplasmic reticulum stress response. J. 
Biol. Chem., 275(35),27013, 27020 (2000). 

33. K. KOKAME, H. KATO AND T. MIYATA, Identification of ERSE-II, a new cis-acting element 
responsible for the ATF6-dependent mammalian unfolded protein response. J. Biol. Chem., 276(12),9199, 
9205 (2001). 

34. H.P. HARDING, Y. ZHANG, A. BERTOLOTTI, H. ZENG AND D. RON, Perk is essential for 
translational regulation and cell survival during the unfolded protein response. Mol. Cell, 5(5),897, 904 
(2000). 

35. D. SCHEUNER, B. SONG, E. MCEWEN, C. LIU, R. LAYBUTT, P. GILLESPIE, T. SAUNDERS, S. 
BONNER-WEIR AND R. J. KAUFMAN, Translational control is required for the unfolded protein 
response and in vivo glucose homeostasis. Mol. Cell, 7(6),1165, 1176 (2001). 

36. D.R. CAVENER, S. GUPTA AND B. C. MCGRATH, PERK in beta cell biology and insulin biogenesis. 
Trends Endocrinol. Metab., 21(12),714, 721 (2010). 

37. D. SCHEUNER, D. VANDER MIERDE, B. SONG, D. FLAMEZ, J. W. CREEMERS, K. 
TSUKAMOTO, M. RIBICK, F. C. SCHUIT AND R. J. KAUFMAN, Control of mRNA translation 
preserves endoplasmic reticulum function in beta cells and maintains glucose homeostasis. Nat. Med., 
11(7),757, 764 (2005). 

38. S.H. BACK, D. SCHEUNER, J. HAN, B. SONG, M. RIBICK, J. WANG, R. D. GILDERSLEEVE, S. 
PENNATHUR AND R. J. KAUFMAN, Translation attenuation through eIF2alpha phosphorylation 
prevents oxidative stress and maintains the differentiated state in beta cells. Cell Metab., 10(1),13, 26 
(2009). 

39. B. SONG, D. SCHEUNER, D. RON, S. PENNATHUR AND R. J. KAUFMAN, Chop deletion reduces 
oxidative stress, improves beta cell function, and promotes cell survival in multiple mouse models of 
diabetes. J. Clin. Invest., 118(10),3378, 3389 (2008). 

40. A.H. LEE, K. HEIDTMAN, G. S. HOTAMISLIGIL AND L. H. GLIMCHER, Dual and opposing roles 
of the unfolded protein response regulated by IRE1alpha and XBP1 in proinsulin processing and insulin 
secretion. Proc. Natl. Acad. Sci. USA, 108(21),8885, 8890 (2011). 

41. F. THAMEEM, V. S. FAROOK, C. BOGARDUS AND M. PROCHAZKA, Association of amino acid 
variants in the activating transcription factor 6 gene (ATF6) on 1q21-q23 with type 2 diabetes in Pima 
Indians. Diabetes, 55(3),839, 842 (2006). 

42. S.J. MEEX, M. M. VAN GREEVENBROEK, T. A. AYOUBI, R. VLIETINCK, J. V. VAN VLIET-
OSTAPTCHOUK, M. H. HOFKER, V. M. VERMEULEN, C. G. SCHALKWIJK, E. J. FESKENS, J. M. 
BOER, C. D. STEHOUWER, C. J. VAN DER KALLEN AND T. W. DE BRUIN, Activating 
transcription factor 6 polymorphisms and haplotypes are associated with impaired glucose homeostasis 
and type 2 diabetes in Dutch Caucasians. J. Clin. Endocrinol. Metab., 92(7),2720, 2725 (2007). 

43. W.S. CHU, S. K. DAS, H. WANG, J. C. CHAN, P. DELOUKAS, P. FROGUEL, L. J. BAIER, W. JIA, 
M. I. MCCARTHY, M. C. NG, C. DAMCOTT, A. R. SHULDINER, E. ZEGGINI AND S. C. ELBEIN, 
Activating transcription factor 6 (ATF6) sequence polymorphisms in type 2 diabetes and pre-diabetic 
traits. Diabetes, 56(3),856, 862 (2007). 

44. M. USUI, S. YAMAGUCHI, Y. TANJI, R. TOMINAGA, Y. ISHIGAKI, M. FUKUMOTO, H. 
KATAGIRI, K. MORI, Y. OKA AND H. ISHIHARA, Atf6alpha-null mice are glucose intolerant due to 
pancreatic beta-cell failure on a high-fat diet but partially resistant to diet-induced insulin resistance. 
Metabolism, 61(8),1118, 1128 (2012). 

45. S. WANG AND R. J. KAUFMAN, The impact of the unfolded protein response on human disease. J. 
Cell Biol., 197(7),857, 867 (2012). 



ALINA STROESCU, LIVIA SIMA, FLORENTINA PENA 
 

8550 Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 

46. MIZRAHI, J. A. O'MALLEY, W. A. CARTER, A. TAKATSUKI, G. TAMURA AND E. SULKOWSKI, 
Glycosylation of interferons. Effects of tunicamycin on human immune interferon. J. Biol. Chem., 
253(21),7612, 7615 (1978). 

47. ZHU, F. E. JOHANSEN AND R. PRYWES, Interaction of ATF6 and serum response factor. Mol. Cell 
Biol., 17(9),4957, 4966 (1997). 

48. M. HONG, S. LUO, P. BAUMEISTER, J. M. HUANG, R. K. GOGIA, M. LI AND A. S. LEE, 
Underglycosylation of ATF6 as a novel sensing mechanism for activation of the unfolded protein 
response. J. Biol. Chem., 279(12),11354, 11363 (2004). 

49. N. BADIOLA, C. PENAS, A. MINANO-MOLINA, B. BARNEDA-ZAHONERO, R. FADO, G. 
SANCHEZ-OPAZO, J. X. COMELLA, J. SABRIA, C. ZHU, K. BLOMGREN, C. CASAS AND J. 
RODRIGUEZ-ALVAREZ, 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 Dis., 2: 
e149 doi: 10.1038/cddis.2011.31. (2011). 

50. D. FENG, J. WEI, S. GUPTA, B. C. MCGRATH AND D. R. CAVENER, Acute ablation of PERK 
results in ER dysfunctions followed by reduced insulin secretion and cell proliferation. BMC Cell Biol., 
10, 61, 73 (2009).  

51. H. YOSHIDA, T. MATSUI, A. YAMAMOTO, T. OKADA AND K. MORI, XBP1 mRNA is induced by 
ATF6 and spliced by IRE1 in response to ER stress to produce a highly active transcription factor. Cell, 
107(7),881, 891 (2001). 

52. H.P. Harding, Y. Zhang, S. Khersonsky, S. Marciniak, D. Scheuner, R. J. Kaufman, N. Javitt, Y. T. 
Chang and D. Ron, Bioactive small molecules reveal antagonism between the integrated stress response 
and sterol-regulated gene expression. Cell Metab 2(6), 361, 371 (2005). 

53. A.H. LEE, N. N. IWAKOSHI AND L. H. GLIMCHER, XBP-1 regulates a subset of endoplasmic 
reticulum resident chaperone genes in the unfolded protein response. Mol. Cell Biol., 23(21),7448, 7459 
(2003). 
 
 

 

 


