
 

 

 

 

 

 

 

©[2010] 

Chao-ting Wang 

ALL RIGHTS RESERVED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RICIN-A-CHAIN (RTA) INHIBITS UNFOLDED PROTEIN RESPONSE (UPR) IN 

MAMMALIAN CELLS 

by 

CHAO-TING WANG 

A thesis submitted to the 

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

in partial fulfillment of the requirements 

for the degree of 

Master of Science 

Graduate Program in Nutritional Sciences 

written under the direction of 

Dr. Wendie S. Cohick 

and approved by 

________________________ 

________________________ 

________________________ 

New Brunswick, New Jersey 

[October, 2010] 

 

 

 

 

 



ABSTRACT OF THE THESIS 

Ricin-A-chain (RTA) inhibits the unfolded protein response (UPR) in mammalian cells. 

BY CHAO-TING WANG 

 

Thesis Director: 

Dr. Wendie S. Cohick 

 

 

Ricin, a type II ribosome-inactivating protein, has been used as a biochemical 

weapon due to its ability to inhibit protein synthesis and induce cytotoxicity.   The 

unfolded protein response (UPR) is a survival response that helps cells to recover from 

stress that occurs following the accumulation of misfolded proteins in the ER.  Failure to 

recover from ER stress can lead to apoptosis.  In yeast, ricin-A-chain (RTA), the 

enzymatic component of ricin, inhibits the unfolded protein response (UPR).  However, 

the ability of RTA to affect UPR has not been investigated in mammalian cells.  The goals 

of this project were to determine if RTA could inhibit the UPR in mammalian cells and if 

altering the UPR affected RTA cytotoxicity.  The UPR consists of three signaling 

cascades, IRE1, PERK, and ATF6.  In HeLa cells, a human cervical carcinoma cell line, 

we found that RTA could inhibit tunicamycin (Tm)-induced IRE1 phosphorylation and 

XBP-1 mRNA splicing at 4 h.  A similar effect was observed in the non-transformed 

mammary epithelial cell line MAC-T.  RTA also inhibited the ability of dithiothreitol 

(DTT) to activate the PERK pathway in HeLa cells, as shown by inhibition of DTT-

induced eIF2α phosphorylation at 4 h.  In both cell types, RTA decreased expression of 

 ii



the downstream chaperone BiP in response to Tm.  To determine if inhibition of the IRE1 

and PERK pathways by RTA affected its cytotoxicity, cells were treated with RTA in 

combination with DTT or Tm.  Cleavage of both caspase-3 and -7 was greater in both 

HeLa and MAC-T cells when they were treated with RTA and DTT or RTA and Tm 

compared to cells treated with RTA, DTT, or Tm alone.  These results indicate that RTA 

is more cytotoxic when UPR is inhibited.  
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Ricin 

    Ricin is a 64 kDa glycosylated protein that is a byproduct of oil extraction from the 

castor bean (Ricinus communis) which originates from Asia and Africa.  It can be 

destroyed during the heating process of the oil extraction.  It may cause poisoning through 

inhalation, injection, or ingestion. Its symptoms include difficulty breathing, severe 

dehydration, hypotension, and the malfunction of multiple organs, such as lung, liver, 

spleen, and kidney (1-4).  Due to its toxicity, some terrorist or military organizations have 

used it as a weapon during warfare.   

Structure and Function 

    Ricin, a type II ribosome-inactivating protein (RIP), is composed of two polypeptide 

chains linked by disulfide bonds (5). Such structure is similar to abrin, a natural toxin from 

the seed of rosary peas, and diphtheria toxin, a bacterial toxin from Corynebacterium 

diphtheriae.  Ricin-A-chain (RTA) is the enzymatic part of ricin which can inactivate the 

60S ribosomal unit and cause inhibition of protein synthesis.  The N-glycosidase activity 

of RTA depurinates the adenine (A4324) on the exposed loop, the sarcin-ricin loop, of the 

28S rRNA (6).  Ricin-B-chain (RTB) contains galactose binding sites which can bind to 

the galactose-containing glycoproteins and glycolipids on the cell surface to help the 

holotoxin enter the cells. 

Trafficking - Retrograde transport 

    The first discovery of retrograde transport was reported in a study on Shiga toxin (7), a 

bacterial toxin produced by certain species of E. coli.  Shiga toxin enters the cell through 

endocytosis after binding to the cell membrane.  Inside the cell, it undergoes retrograde 
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transport through the Golgi apparatus into the ER and then into the cytosol.  This pathway 

also accounts for the cytotoxicity of ricin (8).  After the galactose-binding site on RTB 

binds to the cell membrane, the holotoxin is internalized mainly through 

clathrin-dependent endocytosis to be taken up into endosomes (9).  However, ricin was 

also internalized in studies where clathrin-dependent endocystosis was blocked by 

acidification of the cytosol (inhibits the formation of clathrin-coated pits) (10), potassium 

depletion (removes clathrin-coated pits from the membrane) (11-12), or overexpression of 

mutant dynamin (important in clathrin-mediated endocytosis) (13), indicating that ricin 

can be internalized by clathrin-independent pathways.  Once internalized, ricin is routed 

by the endosomal system.  The majority of the protein is either recycled and transported 

back to the cell surface or degraded by lysosomes, with only a small amount of ricin (5%) 

delivered to the trans-Golgi network (14).   

    The mechanism by which ricin is transported to the trans-Golgi network is not 

completely defined.  Rab9 is located on the surface of late endosomes and helps transport 

mannose 6-phosphate receptors from late endosomes to Golgi (15).  Rab9 has been 

considered as one of the candidates of ricin transport. However, mutant Rab9S21N could 

not block ricin transport to Golgi (16).  A recent study has shown that two small molecules 

can inhibit ricin intoxication by blocking this endosome-Golgi retrograde route (17), but 

the mechanism is still unresolved.  Once ricin enters the Golgi it must be transported to the 

endoplasmic reticulum (ER).  It has been reported that the KDEL (Lys-Asp-Glu-Leu) 

receptor may be important for this retrograde transport (18-19).  However, unlike cholera 

toxin, a bacterial toxin secreted by Vibrio cholerae, ricin does not contain the KDEL 

sequence which is a signal for protein retention in the ER.  One possibility is that ricin 
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binds to the intracellular proteins that contain the KDEL sequence in the Golgi and is then 

transported to the ER.  One likely candidate is calreticulin, which shuttles between the 

Golgi and the ER and also contains free galactose residues that can bind RTB (18, 20).  It 

has been shown that ricin could interact with calreticulin, which is abundant in vivo (21) 

although another study showed that cells lacking calreticulin were still sensitive to ricin 

(22).   

    It has been reported that reduction of the disulfide bond between the RTA and RTB 

chains is necessary for ricin cytotoxicity (23-24).  After entering the ER, the protein 

disulfide isomerase (PDI) reductively cleaves the disulfide bond between the holotoxin and 

releases RTA.  The free RTA interacts with the negatively-charged ER membrane lipids 

which induces a conformational change and causes RTA to be partially unfolded (25).  

This misfolding process may allow RTA to be exported to the cytosol by the protein quality 

control of the ER, or ERAD (ER-associated degradation), which sends misfolded proteins 

for degradation.  However, RTA can successfully escape from proteolytic degradation 

because of its low content of lysine (only two) (26).  This partially unfolded RTA can 

rapidly refold in the cytosol with the facilitation of ribosomes (27).  The refolded RTA in 

the cytosol has more resistance to proteolytic degradation than the unfolded RTA (28) and 

retains full enzymatic activity.   

Ribosome Inactivation 

    In the cytosol, RTA targets the 28S rRNA of the 60S ribosomal subunit.  The 

N-glycosidase activity of RTA depurinates the adenine (A4324 in rat 28S RNA) on the 

exposed loop, the sarcin-ricin loop, of the 28S rRNA (6).  The targeted sequence of the 

sarcin-ricin loop (AGUACGAGAGGAAC) is highly conserved between eukaryotes and 
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prokaryotes and is essential for the binding of translation elongation factors (29).  The 

RTA-modified rRNA has low affinity for elongation factor binding and consequently 

causes protein biosynthesis inhibition (30).  The enzymatic activity of RTA is so efficient 

that one RTA molecule can depurinate 2000 ribosomes per minute which contributes to its 

high cytotoxicity (31).  However, recent work in yeast suggests that protein synthesis 

inhibition may not be sufficient for cytotoxicity (32).  While RTA can induce apoptosis in 

mammalian cells (33), the link between ribosome depurination and cell death is presently 

unknown.  

Immunotoxin/ Cancer therapy 

    It has been shown that tumor cells respond faster to protein synthesis inhibition by ricin 

compared with normal cells (34).  Thus, ricin has been proposed as a potential treatment 

for cancer.  Many studies have explored the idea of conjugating ricin with antibodies or 

growth factors (23, 35-36).  However, there are some issues that interfere with 

development of this approach as a cancer therapy.  It has been shown that the holotoxin 

can bind to cells nonspecifically, and even without the RTB binding domain, RTA could be 

taken up by some cells through its glycosylated residues.  This led researchers to 

chemically deglycosylate RTA or holotoxin to block carbohydrate binding, which 

successfully prolonged the half-life of the immunotoxin in the blood of mice without 

reducing its ability to kill the tumor cells (37-39).  In addition to the issue of binding 

specificity, immunogenicity, and vascular leak syndrome (VLS) (40-41), are problems that 

must be overcome before ricin will be useful as an immunotoxin. 
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ER stress 

ER functions 

The endoplasmic reticulum (ER) is a membrane-surrounded organelle which 

functions in calcium homeostasis, secretory and membrane protein synthesis, 

post-translational protein modification, and biosynthesis of lipid and sterols.  In 

mammalian cells, the ER functions as the main storage site of intracellular Ca2+, which 

enters the ER through SERCA (ER-localized transmembrane P-type ATPase). This 

intracellular Ca2+ is a crucial component of intracellular signal transduction pathways (42).  

Ca2+ also binds to ER-resident proteins, such as BiP and calnexin, to facilitate protein 

folding in the ER in a Ca2+-dependent manner (43-45).  Newly synthesized proteins 

destined for the ER cross the ER membrane via the Sec61 complex.  Once inside the ER 

lumen, protein folding is facilitated by foldases and chaperones and modifications, such as 

N-linked glycosylation and the formation of disulfide bonds are instituted.  The ER has 

the ability to monitor if the protein is completely and appropriately folded.  If it is, the 

protein is transported to the Golgi; if not, it is retained in the ER by reglycosylation by 

UGGT (UDP-glucose: glycoprotein glucosyltransferase).  The reglycosylated proteins 

can rebind chaperones (46) or alternatively, be degraded by ERAD (47-48).   

ER stress/Unfolded protein response (UPR) 

Any perturbations of the functions described above can disrupt ER homeostasis and 

cause ER stress.  The first description of ER stress involved the viral transformation of 

eukaryotic cells.  This led to an increase in glucose metabolism and caused glucose 

deprivation, further inducing expression of the glucose-regulated protein family (GRPs) 
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which are stress-induced proteins located in the ER (49-50).  Moreover, the mechanism of 

protein folding in the ER requires energy, therefore glucose deprivation causes a decrease 

in energy supply and slows the process of folding, causing proteins to accumulate in the ER 

(51).  Calcium depletion is another major reason for ER stress.  As mentioned above, 

Ca2+ binds to the ER-resident proteins that are important in protein folding.  In addition, 

Ca2+ depletion inhibits the binding of UGGT to incompletely-folded proteins by 

inactivating UGGT and repressing the import of UDP glucose.  This results in inhibition 

of the refolding and degradation process, causing large amounts of unfolded proteins to be 

retained in the ER (52).  Therefore, accumulation of unfolded protein in the ER lumen is a 

crucial component of ER stress.   

Once ER stress occurs, cells have several mechanisms to regain homeostasis.  These 

responses are collectively called the ER stress response or UPR, although cells respond 

differently to various causes of ER stress.  The transcription of ER-localized chaperones 

and folding enzymes increases to accelerate the efficiency of protein folding (53-54), but 

general protein translation is shutoff to relieve the accumulation of protein in the ER lumen 

(55).  Synthesis of phospholipids increases to expand the capacity of the ER.  Moreover, 

the misfolded proteins are retrotranslocated to the cytoplasm to be degraded by the 

proteasome by ERAD (47-48).  These responses are elicited to restore ER homeostasis.  

However, if cells cannot recover from ER stress through these responses, they eventually 

undergo apoptosis to remove the unhealthy cells.  

 In mammalian cells UPR requires three main signal transducers to be executed: IRE1 

(inositol-requiring protein 1), ATF6 (activating transcription factor 6), and PERK 

(PKR-like ER kinase) (see Figures 1 and 2).  This contrasts with yeast, which has only the 
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IRE1 pathway to respond to ER stress (56).  It has been reported (57) that these three 

stress-response transducers are activated in a time-frame such that PERK may be the first 

to sense the stress and be activated to attenuate general translation via inactivation of 

eukaryotic elongation factor 2 α (eIF2α) to alleviate the load on ER chaperones.  If the 

stress persists, ATF6 is activated to induce chaperone production, e.g. BiP, Grp94, and 

calreticulin, which facilitate protein folding in the ER lumen.  IRE1 may be the last 

protection from ER stress, and functions to induce additional chaperones and ERAD 

components, such as EDEM (ER degradation-enhancer mannosidase-like alpha 1) (57) 

and, an HMG-CoA reductase degradation1 (HRD1) protein (58-59), which accelerate the 

clearance of misfolded proteins from the ER.  However, this order of time-dependent 

activation may vary between different cell types, species or different causes of ER stress.  

For example, another study (60) provided different temporal profiles of activation and 

subsequent turnover for these three transducers.  They showed that while all three 

pathways are activated at the early stage of ER stress, IRE1 is attenuated within 8 h while 

ATF6 and PERK persist longer, with the PERK pathway activated through 30 h.  

ER stress-induced apoptosis 

    Under ER stress, both pro-apoptotic and anti-apoptotic pathways are activated (61-62).  

IRE1 can induce JNK activation by binding with TRAF2 (TNF receptor-associated factor 2) 

(63-64) and activate caspase-12 by cleaving procaspase-12.  JNK activation may 

phosphorylate the pro-apoptotic proteins, BIM and BMF, to induce BAX-induced 

apoptosis (65-66). Moreover, it has been reported that ER stress also induces other 

pro-apoptotic BH3-only proteins, such as BIM, PUMA, and NOXA through p53 (67-69).  

The PERK and ATF6 pathways induce CHOP/GADD153 which represses the transcription 
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of the anti-apoptotic protein, Bcl-2 and further activates BAX/BAK, thus inducing 

apoptosis (70-71).  Since the ER is the major intracellular storage site of Ca2+, ER 

stress-induced loss of Ca2+ from the ER lumen also triggers apoptosis. The cytosolic 

calcium-dependent protease calpain senses the depletion of Ca2+ in the ER and activates 

caspase-12, which leads to activation of caspase-9 and -3 (72).  In addition, the cytosolic 

Ca2+ is then taken up by the mitochondria, causing collapse of the inner membrane 

potential to induce cell death as well (73).   Therefore, the balance of Bcl-2 and BH3-only 

proteins is crucial for whether the cells undergo apoptosis or recover from the stress.   

ER stress-related diseases 

    UPR is relevant to many diseases, such as cancer, type I and II diabetes, polyglutamine 

disease, etc. whether it is the cause or the consequence of these diseases.  Pancreatic β islet 

cells have well-developed ER due to the large amount of secretory insulin produced there.  

PERK-null mice, due to apoptosis of their pancreatic β islet cells, present with type I 

diabetes (74-75).  Several human families have been identified with this disorder, called 

Wolcott-Rallison syndrome, which is due to the inherent loss-of-function of the PERK 

gene (76).  ER stress is also induced by a high-fat diet and further develops into type II 

diabetes in mice.   PERK is activated and Grp78 (also known as BiP) is up-regulated in 

obese mice on the high-fat diet (77).  In addition, ER stress-induced JNK activation can 

cause insulin resistance (78).  Cancer is another disease which is highly relevant to ER 

stress.  It has been shown that Grp78 and XBP1 are highly expressed in the presumptive 

ischaemic areas of tumors and hypoxic cancer cells in vivo and in vitro (79-80).  Other 

studies have also shown that tumorigenic activity is significantly reduced in mice with a 

deficiency of GRP78, XBP-1, or PERK (81-83). 
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ER stress response transducer - IRE1  

Yeast IRE1 

Ire1p/Ern1p, ER-associated type I transmembrane protein kinase, was the earliest 

discovered ER stress-induced pathway in the yeast Saccharomyces cerevisiae (84-85).  It 

is the homologue of the regulated endoribonuclease, RNaseL which acquired a protein 

kinase domain and ribonuclease activity.  During ER stress, the luminal domain of IRE1 

senses the disturbed environment in the ER, becomes oligomerized and then 

autophosphorylates its own kinase domain at two sites, Ser840 and Ser841, to activate the 

sequence-specific endoribonucleolytic activity (86-87).  RNaseL lacks these catalytic 

kinase and autophosphorylation activities (88).  This endoribonuclease located on the 

C-terminal non-luminal side of IRE1 (89) excises a small intron of the pre-existing mRNA 

Hac1.  The two remaining exons (90-92) are joined by tRNA ligase which is encoded by 

RLG1 (93) and translated to produce a transcription factor that binds to the 22 bp UPR 

element of the promoter region of the KAR2 gene, the yeast homologue of Grp78/BiP and 

two other PDI-like genes in yeast (90, 94).  

Hac1p is a basic-region leucine-zipper (bZIP) transcription factor in yeast which is 

only present during ER stress (90).  During ER stress, the intron of HAC1 mRNA is 

spliced at the 3’ end (252 nucleotides) by IRE1 causing the size to be reduced from 1.4-kb 

to 1.2-kb (90). Moreover, this splicing mechanism is independent of the spliceosome (93).  

After splicing, Hac1p, a 238 amino acid protein, is produced to up-regulate other ER-stress 

related genes in yeast.  However, in the resting state, the Hac1 mRNA with the 252-nt 

intron stalls on the ribosomes and is not translated into protein (95).     
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Mammalian IRE1 

In humans and mice, there are two identical isoforms of IRE1, IRE1α and IRE1β, 

which are highly conserved with yeast.  These two isoforms are encoded from two 

different genes.  IRE1α is generally found throughout the body while IRE1β is only found 

in the epithelial cells of the gut (96-97).  It has been shown that, just like yeast IRE1, the 

RNase domain of mammalian IRE1 also can be activated by autophosphorylation of its 

kinase domain (96) due to the most conserved domains from the yeast: RNaseL-like 

domain and the kinase domain in the C-terminus of the protein.  It has been shown that 

overexpressing either of these two isoforms can induce BiP expression by activating its 

promoter region (96-97).  IRE1β has also been reported to trigger CHOP/GADD153 gene 

activation (97-98).   

XBP1 is the homologue of Hac1 in mammalian cells and is also a substrate for the 

ribonuclease function of IRE1. During ER stress, a 26-nt intron of XBP1 mRNA is spliced 

to yield a 376 amino acid protein.  This is larger than the unspliced form of the XBP1 

protein, which is 261 amino acids, due to a reading frame shift after splicing (99-101).  

This spliced XBP1 protein can also function as a transcription factor to regulate other ER 

stress-induced genes, such as Grp78/BiP (99).  

IRE1 structure and activation 

There are luminal N-terminal and cytosolic domains in IRE1.  ER stress induces the 

dimerization of the luminal domain and further activates the cytosolic domain to cleave the 

mRNA substrate.  This N-terminal luminal domain (NLD) is composed of 367 amino acid 

residues with three main β-sheet motifs that are linked by α-helix arrangements.  This 

structure is conserved between human and yeast IRE1, though there are some differences 
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observed (102-103).  Some groups proposed that the dimerization of the NLD of yeast 

IRE1 is induced by its binding with unfolded proteins present in the ER (102, 104).  

However, another group found that the purified NLD of IRE1 can get dimerized without 

the presence of other proteins in vitro and the structure of the human NLD is too narrow for 

peptide binding.  Moreover, replacement of the yeast NLD with the human sequence can 

still induce the UPR pathway, suggesting that the binding of peptide is not necessary for 

IRE1 activation, at least in mammalian cells (103, 105).  In contrast, it has been 

determined that BiP association is a negative regulator of the ER stress pathway (106-107).  

It has also been shown that the binding site of BiP in human IRE1 is spatially conserved in 

yeast (102).  IRE1 mutants with reduced ability to interact with BiP can still be activated 

in the absence of unfolded protein (105).  Therefore, these researchers suggested that the 

unfolded protein induced-BiP dissociation from the monomeric IRE1 is required for the 

dimerization of IRE1.  

The cytosolic domain of IRE1 contains the bilobal N-terminal kinase domain and, in 

its C-terminal lobe, is followed by a conserved 132 residue globular kinase-extension 

nuclease (KEN) domain.  After the dimerization of the luminal domain, the juxtaposition 

of two cytosolic kinase domains promote the trans-autophosphorylation of an activation 

segment between the N- and C- lobe of the kinase domain.  Following this event, 

ADP/ATP binds to the nucleotide binding cleft which facilitates dimerization of the 

cytosolic domain of IRE1 and this IRE1 dimer or oligomer activates the function of 

ribonuclease on the KEN domain (108).  Mutation of this dimer interface residue would 

destroy the endonuclease activity of IRE1 (108).   
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Splicing 

    Xbp1 mRNA in mammalian cells reveals a stem-loop structure in both the 5’ and 3’ 

splice sites which is very similar to yeast Hac1. After binding to the KEN domain of the 

activated IRE1 dimer or oligomer, Ire1 cleaves the third nucleotide, G, of the 7-nucleotide 

loop with consensus sequence CNGNNGN where N can be any nucleotide of the 

mammalian XBP1 and yeast Hac1 mRNA.  This intron fragment between the two 

cleavage sites is removed from the target gene (109).  The remaining two exons are joined 

together by tRNA ligase Rlg1 in yeast (93), however, the metazoan homolog of Rlg1 has 

not been identified (108).  After splicing, the reading frame in the C-terminus is changed.  

This type of splicing is called frame switching splicing (57) or cytoplasmic splicing (110).  

As mentioned above, unlike yeast Hac1, the unspliced xbp1 is also translated into protein, 

but is rapidly degraded by the proteasome and cannot be observed by western blot (99, 

101).   

pXBP1(s) up-regulates ER-stress related genes 

      After being translated, the protein of spliced XBP1, pXBP1(s), translocates into the 

nucleus and functions as a transcription factor to up-regulate UPR related genes by binding 

to the cis-acting element ERSE, the ER stress response element (CCAAT-N9-CCACG) (99, 

111-112), located on the promoter region of BiP and many other ER stress genes, such as 

Grp94, p58IPK, and XBP1 itself (99, 113).  It has been reported that the binding of 

pXBP1(s) to the CCACG sequence of the ERSE requires the binding of another 

transcription factor, NF-Y (also known as CBF) to the CCAAT region of this consensus 

sequence (99, 112, 114).  pXBP1(s) can also bind to two other elements, ERSEII, which 

contains the ATTGG-N-CCACG consensus sequence, and UPRE, which contains the 
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TGACGTGG/A consensus sequence, to up-regulate other ER stress related genes, such as 

Herp, EDEM, and HRD1.  NF-Y is not essential for pXBP1 activation of genes containing 

these two sequences (99, 114).  It has been shown that in IRE1α-null murine embryonic 

fibroblasts (MEF) cells, the tunicamycin-induced expression of a 5x ATF6 reporter gene 

was totally abolished.  This suggests that during ER stress, the IRE1/XBP1 pathway may 

regulate another UPR pathway, the ATF6 pathway (100, 115).  

Unspliced Hac1 and XBP1 

Unspliced Hac1 contains the 5’ 252 nt untranslated region that is spliced out by Ire1, 

so it is not translated into protein (110).  Unlike yeast, the mammalian unspliced XBP1 can 

be translated into protein, pXBP1(U), because the 26-nt splicing sequence is too small to 

form the translation inhibitory structure (99).  Both the pXBP1(S) and pXBP1(U) share 

the N-terminal 166 aa containing the bZIP domain, but the pXBP1(U) has two unique 

domains that are different from pXBP(S): the nuclear export signal (NES) and the 

degradation domain while the pXBP1(S) only has the nuclear localization signal.  These 

two exclusive domains allow the pXBP1(U) to shuttle between the nucleus and cytoplasm 

and to be degraded by the proteasome (116).  In the later stages of ER stress, pXBP1(S) 

gradually decreases while the pXBP1(U) increases, suggesting that IRE1 is inactivated 

while XBP1 mRNA is still transcribed (116).  pXBP1(U) then formed a complex with 

pXBP1(S) to transport pXBP1(S) out of the nucleus via its NES, targeting it for 

degradation by the proteasome via its degradation domain.  This negative feedback loop 

shuts off the IRE1/XBP1 pathway of the UPR.  This is important for cell homeostasis as 

the over-expressed chaperones in the unstressed situation are toxic to cells and repress cell 

growth (56).  
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JNK activation 

IRE1 can also induce apoptosis via the JNK signaling pathway if ER stress is 

prolonged.  After IRE1 gets activated, IRE1 forms a heterotrimeric complex by 

associating with TRAF2 and ASK1 (apoptosis signal-regulating kinase 1) to activate JNK 

and caspase-7 and -12 and initiate programmed cell death (63-64, 117).  However, several 

groups have shown that this process is involved with A1P (ASK interacting protein1) (118); 

the mechanism by which this complex induces JNK activation is still unclear.    

ER stress response transducer – ATF6 

    Previous studies (112, 115, 119-120)  determined that ATF6 is a target of UPR since 

the active form of ATF6 could induce the expression of Grp78, Grp94 and calnexin genes.  

ATF6 is a 670-amino acid type II transmembrane glycoprotein with a single 

transmembrane domain in the ER.  Its C-terminus (270 amino acids) in the ER lumen 

senses ER stress while its cytosolic N-terminal domain (amino acids 1-373) is a 

transcription factor belonging to the basic-leucine zipper (bZIP) family. The 21 amino 

acids between the two represent the transmembrane area (119).  There are two isoforms of 

ATF6: α and β.  Each is ubiquitously expressed and contains the bZIP domain and a DNA 

binding domain in the internal region.  However, an 8 amino acid sequence located in the 

transcription-activating domain of ATF6α is absent in ATF6β (121).  This sequence 

causes ATF6α to exhibit much stronger transcriptional activation than ATF6β.   

ATF6 activation 

    N-linked glycosylation of the 670-amino acid ATF6 protein results in a size of 90 kDa 

when determined by denaturing SDS-PAGE.  This specific glycosylation sequence is 
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composed of Asparagine-N-Serine/Threonine where N can be any amino acid other than 

Proline (122).  In human ATF6, these three amino acids are respectively located at 

positions 472, 584, and 643 in the ER luminal domain, and are conserved in mouse ATF6.  

This glycosylation is important for sensing stress in the ER lumen and also for ATF6 

activation.  Under ER stress, compared to the fully glycosylated ATF6, the newly 

synthesized ATF6 is underglycosylated which is easier to translocate to Golgi to be 

processed (123).   

    Another mechanism that regulates ATF6 activation is Grp78/BiP which under normal 

conditions binds to the luminal domain of ATF6 to inhibit the Golgi localization signal 

(GLS) 1 and 2.  During ER stress, BiP dissociates from ATF6 and binds to misfolded 

proteins.  This dissociation allows ATF6 to translocate to the Golgi and be processed 

(124-125).   It has been shown that overexpressed BiP can delay ATF6 activation (125).   

ATF6 cleavage and translocation  

    After BiP dissociates from ATF6 during ER stress, free ATF6 is subsequently 

transported to the cis-Golgi compartment through COP II cytosolic protein complex at the 

ER exit site (125-126). Residues 468-500 are required for this translocation since an ATF6 

mutant that lacks this region is still retained in the ER (124).  In the Golgi, ATF6 is cleaved 

at sequence RRHLL (amino acids 415-419) within the luminal domain by site-1 protease 

(S1P) and also cleaved within the transmenbrane domain (amino acids 391-394) by site-2 

protease (S2P) (112, 115, 119-120).  These two proteases also cleave 

sterol-response-element binding protein (SREBP) which regulates cholesterol biosynthesis 

(127-128).  This C-terminus deletion of ATF6 yields a 50-kDa soluble cytoplasmic 

protein (p50ATF6) which contains several nuclear localization signals (NLS) and a bZIP 
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domain between amino acids 308-369.  The N-terminus then translocates to the nucleus 

via its interaction with importin, the NLS receptor, and the basic residue cluster on ATF6 

(129).  

p50ATF6-induced genes 

    In the nucleus, ATF6 acts as a transcription factor to induce genes by binding to the 

sequence CCACG on the ERSE.  As in the case of the spliced form of XBP1, this process 

requires the binding of NF-Y on the CCAAT of the ERSE (112).  There are 9 nucleotides 

between these two binding regions that are important for ERSE activity.  Unlike XBP1, 

ATF6 cannot recognize the UPRE.  Using microarray, Yamamoto’s group (58)  found 30 

genes out of 14,729 genes that are ATF6 target genes, including seven for ER chaperones 

such as BiP, and six for ER proteins such as CHOP.  ATF6 also can induce five ERAD 

components by forming a heterodimer with XBP1 (130).  It has also shown that XBP1 is a 

target of ATF6.  XBP1 mRNA expression is induced by ATF6 and then spliced by IRE1 

(51, 99).  During ER stress, this pathway precedes activation of the IRE1/XBP1 pathway 

since ATF6 does not need to be newly synthesized.  Therefore, in the early stages of ER 

stress, ATF6 induces the production of chaperones to assist protein folding.  However, if 

the stress cannot be relieved, XBP1(S) is translated, which results in the synthesis of more 

chaperones such as BiP. At the same time, XBP1 can induce EDEM, to get rid of misfolded 

proteins through ERAD (57).   

Regulation of ATF6 

    Thuerauf’s group (131) proposed that ATF6β needs more time to be cleaved and yield 

the N-terminus relative to ATF6α.  Since ATF6β has a relatively lower degree of 
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transcriptional activation, ATF6β could be a dominant-negative modulator of ATF6α in the 

later stages of ER stress.   

 

ER stress transducer - PERK 

A second mammalian-specific ER-response protein is PERK which is an ER resident 

type I transmembrane kinase (132).  The luminal domain of PERK shows limited 

homology to the IRE1 luminal domain, indicating that they share similar mechanisms in 

response to ER stress.  Both PERK and IRE1 need BiP to be dissociated from their 

luminal domains to allow oligomerization and subsequent autophosphorylation to induce 

downstream signaling.  This N-terminal luminal domain (NLD) is conserved among 

mammals, C.elegans, and yeast (133).  Autophosphorylation is essential for initiation of 

the PERK pathway.  Su et al. (134) reported that more than one tyrosine residue could be 

phosphorylated by PERK’s tyrosine kinase activity in vitro and in vivo.  They further 

suggested that Tyr-615 is crucial for this autophosphorylation since mutation of this amino 

acid impaired the expression of ATF4 which is a downstream target of the PERK pathway.  

Protein synthesis inhibition/ATF4 expression 

In mammalian cells, the phosphorylation of eIF2α by PERK induces protein synthesis 

inhibition to relieve the overloading of misfolded proteins in the ER during ER stress.  

PERK phosphorlates the α subunit of eIF2α at serine51 (132, 135).  Phosphorylated eIF2α 

inhibits eIF2β which is the guanine exchange factor for the eIF2 complex.  This decreases 

the recycling of the 43S initiation complex and causes a decrease in translation initiation of 

mRNA and protein synthesis inhibition (136).  Cyclin D1 is one of the targets of protein 
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synthesis inhibition during ER stress.  When mammalian cells go through the G1 phase, 

type D cyclins associate with CDK (cyclin-dependent kinase) 4 or CDK6 to activate cyclin 

E- and A-dependent kinase CDK2 (137).  Therefore, ER stress-induced loss of cyclin D1 

inhibits CDK2 and causes cell cycle arrest in G1 phase (138).  This is one of the important 

physiologic markers of ER stress.   

    eIF2α phosphorylation inhibits general protein synthesis. However, studies (139-141) 

have shown that translation of certain target proteins will be up-regulated as a result of this 

phosphorylation.  These mRNAs are not efficiently translated under normal conditions, 

but when eIF2α gets phosphorylated under stress, the 40S scanning ribosomal subunit can 

efficiently recognize the AUG codons on the upstream open reading frame (uORF) within 

the 5’ untranslated region (UTR) of these mRNAs.  ATF4 is one such mRNA.  ER stress 

can induce the expression of ATF4 through the phosphorylation of eIF2α.  ATF4 then acts 

as a transcription factor to induce downstream genes, such as CHOP, GADD34 (growth 

arrest and DNA damage-inducible gene 34) (139, 142), and ATF3 (143).   

Nrf2 

    Nrf2 is another direct substrate of PERK (144).  Normally, Nrf2 is found in the 

cytoplasmic complex and associates with Keap1, an actin-binding protein.  Under stress, 

phospho-PERK phosphorylates Nrf2 and causes it to dissociate from Keap1 (145).  After 

this dissociation, Nrf2 is imported to the nucleus where it forms heterodimers with ATF4 

(146) or small Maf proteins, which are also transcription factors (147-148).  These 

complexes activate the transcription of genes including phase II detoxifying enzymes 

through the ARE (antioxidant response element) as well as antiapoptotic genes to promote 

cell survival (146, 148-149).  Cullinan et al. (144) also demonstrated that ER 
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stress-induced apoptosis was increased in the absence of Nrf2.   

Regulation of the PERK pathway 

    It has been shown that p58IPK containing an ERSE (ER stress element) in its promoter 

region can interact with PERK and negatively regulate eIF2α phosphorylation (113, 150).  

PERK activation requires BiP dissociation. However, since BiP is highly expressed during 

ER stress, the BiP/PERK complex may re-associate and negatively regulate PERK 

activation (106, 151).  Moreover, GADD34 which is a downstream target of the PERK 

pathway can form a complex with the catalytic subunit of protein phosphatase 1 (PP1α).  

This complex acts as a negative-feedback loop to dephosphorylate eIF2α and 

down-regulate the PERK pathway to restore protein synthesis in the late stage of ER stress 

(152-153).    

 

Objectives of the thesis 

    Parikh et al. (154) have shown that in yeast, ricin inhibits UPR induced by 

tunicamycin and DTT.  In this study, yeast were transformed with wild-type RTA or an 

active site mutant (E177K) of RTA.  UPR induction was determined using a UPRE-driven 

lacZ reporter assay and Hac1 mRNA splicing.  They found that wild-type RTA could 

inhibit tunicamycin and DTT-induced β-gal expression and HAC1 mRNA splicing.  

Furthermore, the induction of KAR2, the homolog of BiP, and DER1, an ERAD gene, were 

inhibited.  Therefore, the goals of the present study were to determine (1) if RTA inhibits 

the UPR in mammalian cells; (2) if this effect is due to RTA-induced protein synthesis 

inhibition; and (3) if ER stress plays a role in RTA-induced cytotoxicity. 
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Chapter 2 

Ricin-A-chain (RTA) inhibits the unfolded protein 

response (UPR) in mammalian cells 
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Introduction 

Ricin is a glycosylated type II ribosome-inactivating protein (RIP) of 64 kDa. It is a 

byproduct of oil extraction from the castor bean plant (Ricinus communis) which 

originates from Asia and Africa.  Due to its ease of isolation and extreme toxicity it has 

been classified by the Center for Disease Control as a category B select agent.  It is 

composed of two polypeptide chains linked by disulfide bonds (5).  Ricin-A-chain (RTA) 

is the enzymatic component of ricin while ricin-B-chain (RTB) contains galactose-binding 

sites that facilitate entry of the holotoxin into the cell via clathrin-dependent endocytosis 

and uptake into endosomes (9).  After entry into the cell, ricin undergoes retrograde 

translocation to the endoplasmic reticulum (ER), where the disulfide bond between the two 

subunits is reductively cleaved to release RTA.  RTA interacts with negatively-charged ER 

membrane lipids which causes its partial unfolding (25) and subsequent transport to the 

cytosol via the Sec61 channel.  In the cytosol, RTA targets the 28S rRNA of the 60S 

ribosomal subunit.  The N-glycosidase activity of RTA depurinates the adenine (A4324) 

on the exposed loop, the sarcin-ricin loop, of the 28S rRNA (6).  The targeted sequence of 

the sarcin-ricin loop (AGUACGAGAGGAAC) is highly conserved between eukaryotes 

and prokaryotes and is essential for the binding of translation elongation factors (29).  The 

RTA-modified rRNA has low affinity for elongation factor binding which results in protein 

synthesis inhibition (30).   

The ER is an organelle that functions in calcium homeostasis, secretory and 

membrane protein synthesis, post-translational protein modification, and biosynthesis of 

lipid and sterols.  Stresses that alter the normal ER environment reduce the folding 

capacity of the ER, resulting in the accumulation and aggregation of unfolded proteins - a 
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condition referred to as ER stress (51-52).  Transmembrane receptors in the ER detect the 

onset of ER stress and activate a signaling cascade referred to as the unfolded protein 

response (UPR) to restore normal ER function.  Therefore, the UPR is a prosurvival 

response that serves to restore ER homeostasis. However, if the stress is prolonged, or the 

adaptation fails, apoptotic cell death ensues.  In mammalian cells, UPR involves 

activation of three main signal transducers: IRE1, ATF6, and PERK.  

 In yeast, RTA expression inhibits ER stress induced by tunicamycin (Tm) or 

dithiothreitol (DTT) (154).  This was shown by inhibition of Tm or DDT-induced splicing 

of HAC1 mRNA, the yeast homologue of XBP1 which is downstream of IRE1.  They also 

found that wild-type RTA could inhibit the induction of KAR2, the homolog of the 

mammalian Bip gene and DER1, a gene that functions in ER-associated degradation 

(ERAD), a process by which misfolded proteins are directed to the lysosome for 

degradation.  Here, we treated cells with RTA in addition to UPR- inducing reagents to 

determine if RTA would have a similar effect in mammalian cells.  We were also 

interested in determining if this inhibition would affect ricin-induced cytotoxicity 

 

Materials and Methods 

Reagents 

RTA, thapsigargin (Tg), Tm, dimethyl sulfoxide (DMSO), and RTA were purchased 

from Sigma-Aldrich.  DTT was obtained from AnaSpec. Inc.  Cell culture media were 

from Invitrogen and fetal bovine serum was purchased from Atlanta Biologicals.   
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Cell Culture 

The human cervical cancer cell line (HeLa) was kindly provided by Dr. Tom Obrig 

(University of Virginia, Charlottesville, VA) and was maintained as previously described 

(33).  The bovine mammary epithelial cell (MAC-T) was established by immortalization 

with Simian virus 40 large T antigen (155) and was maintained as previously described 

(156).  For experiments, cells were plated on 60 mm tissue culture plates in complete 

media containing serum and grown to confluence, washed twice with phosphate buffered 

saline (PBS) and then changed to serum-free media contained 0.2% bovine serum albumin 

(BSA) and 30 nM sodium selenite for 2 hours.  After the serum-free wash, cells were 

incubated in serum-free media with treatments for various times as indicated in figure 

legends.  Cells were lysed in lysis buffer for protein analysis as previously described (156) 

or Trizol (Invitrogen) for RNA analysis according to the manufacturer’s recommendations.  

Western Blotting 

Total protein concentration was measured by Bradford protein assay (Bio-Rad 

Laboratories).  Proteins were separated by SDS-PAGE on 8% gels.  The proteins were 

transferred to 0.45 μm PVDF membranes (Millipore) and Nitrocellulose membrane 

(Bio-Rad).  Membranes were blocked in tris buffered saline (TBS) with 0.1% Tween-20 

(TBST) in 5% skim milk for one hour at room temperature and incubated in primary 

antibodies overnight at 4○C.  After incubation, the membranes were washed three times 

with TBST for 10 min each and incubated with secondary antibodies conjugated with the 

appropriate secondary antibody conjugated to horseradish peroxidase (anti-rabbit IgG 

from GE; anti-mouse IgG from Vector Labs; anti-goat IgG from Santa Cruz) for 1 h at 

room temperature and then washed three times with TBST.  The peroxidase activity was 
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detected by enhanced chemiluminescence substrate (ECL) from Pierce.  Total-eIF2α 

antibodies were purchased from Santa Cruz; p-eIF2α, total-IRE1, cleaved Caspase 3, total 

and cleaved Caspase 7 antibodies were obtained from Cell Signaling Technology; p-IRE1 

was from Novus Biological.    

RT-PCR assay to detect XBP1 splicing  

Total RNA was isolated by the Qiagen RNeasy kit. The isolated RNA concentration 

was measured by the NanoDrop™ 1000 Spectrophotometer and RNA integrity was 

examined by agarose gel electrophoresis.  To assess XBP1 splicing, total RNA (2 μg) was 

reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems).  The PCR primers were: human F 5’-CCT TGT AGT TGA GAA CCA 

GG-3’; R 5’-GGG GCT TGG TAT ATA TGT GG-3’; and bovine F 5’-CCT TGT AGT 

TGA GAA TCA GG-3’: R 5’-GGG GCT TTG TAT ACG TGA-3’ and were obtained from 

Sigma-Aldrich (Figure 3).  10X PCR gold buffer, MgCl2, dNTP, and Ampli-Taq Gold 

were all purchased from Applied Biosystems.  PCR was performed with the following 

conditions: initial denaturation step, 95 ○C for 10 mins, and repeating 35 cycles of 95○C for 

1 min, 50○C for 1 min, and 72○C for 1 min, and then final extension step, 72○C for 10 min. 

The amplified PCR products were separated by argarose gel electrophoresis on 3% gels 

and visualized with ethidium bromide.    

Quantitative(q) RT-PCR 

For qRT-PCR, primers were as follows: Spliced XBP1: human F 5’-TGC TGA GTC 

CGC AGC AGG-3’; R 5’-CGC CAG AAT CCA TGG GGA GA-3’; bovine F 5’-TGC TGA 

GTC CGC AGC AGG-3’; R 5’-CAT CAG AGT CCA TGG GGA GA-3’.  Total XBP1:  
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human F 5'-GCA AGC GAC AGC GCC T-3’; R 5’-TTT TCA GTT TCC TCC TCA GCG; 

bovine F 5’-GCA AGC GAC AGC GCC T; R 5’-TTT TCA GTT TCC TCC GCA GCG-3’ 

(Figure 4).  BIP: human F 5’-TGT TCA ACC AAT TAT CAG CAA ACT C-3’; R 5’-TTC 

TGC TGT ATC CTC TTC ACC AGT-3’; bovine F 5’-TGG AGA AGA CTT TGA CCA 

GCG TGT-3’; R 5’-ACA GCT CTG TTG TCC TTC CGA ACA-3’. Human actin: 5’-AAT 

GTG GCC GAG GAC TTT GAT TGC-3’; R 5’-AGG ATG GCA AGG GAC TTC CTG 

TAA-3’.  Bovine cyclophilin: 5’-GAG CAC TGG ACA GAA AGG ATT TGG-3’; R 

5’-TGA AGT CAC CAG CCT GGC ACA TAA-3’.  Each primer set was validated by 

generating a standard curve from a pool of cDNA with serial dilutions ranging from 1:2 to 

1:20,000.   

The expression of target genes in individual samples was measured using an Applied 

Biosystems 7300 Real-time PCR system.  A dilution of cDNA (ranging from 1:4 to 1:20 

for different genes)-was amplified in a total reaction volume of 20 μl that included 250 nM 

forward and reverse primers (5 pmole each), 10 μl of Power SybrGreen PCR MasterMix 

(Applied Biosystems. For each experimental sample, values were calculated relative to 

untreated control samples using the 2-ΔΔCT method with actin or cyclophilin as the 

housekeeping gene.  

Statistical analysis 

Data were analyzed by one-way ANOVA with Newman-Keuls post-tests or paired 

t-test using GradphPad Prism 5 Software and SAS Version 9.2 Software. 
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Results  

RTA inhibits XBP1 splicing in mammalian cells.  

    The previous study of Parikh et al. (154) showed that in yeast, RTA inhibited 

Tm-induced Hac1 mRNA splicing, which is downstream of IRE1.  We therefore 

investigated whether RTA would have a similar effect on XBP-1, the mammalian 

homologue of Hac1.  In our previous paper (33), we reported that the non-transformed 

mammary epithelial cell line MAC-T was extremely sensitive to RTA in terms of 

depurination, protein synthesis inhibition, and apoptosis.  Therefore we chose this 

mammalian cell line as a model to examine the effect of RTA on XBP-1 splicing.  As 

shown in Fig. 4A, only the unspliced form of XBP-1 was present in cells treated with either 

0.1 or 1.0 µg/ml RTA alone, indicating that RTA did not affect XBP-1 splicing.  As 

expected, treatment with Tm, which blocks N-linked glycosylation to induce ER stress, 

caused XBP1 mRNA splicing in MAC-T cells as shown by the decrease in the upper 

unspliced form and appearance of the smaller spliced form of XBP1.  Using a qRT-PCR 

assay, 0.1 and 1.0 μg/ml RTA was found to inhibit Tm-induced XBP-1 splicing by 50 to 

87%, respectively (Fig. 4B).   We also measured total XBP1 mRNA by qRT-PCR to 

determine if this inhibition was related to inhibition of total XBP1 mRNA in the present of 

RTA (Fig. 4C).  Total XBP1 mRNA expression was not different between cells treated 

with Tm alone and those treated with Tm and 0.1 μg/ml RTA, suggesting that at this 

concentration of RTA, total XBP1 levels were not inhibited. However, the higher dose of 

RTA inhibited total XBP1 in Tm-treated cells by approximately 50%.  

 In order to determine if the inhibition of XBP-1 mRNA splicing by RTA was cell type 

specific, the experiments were repeated in HeLa cells, a human cervical carcinoma cell line, 
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which are also responsive to RTA in our previous work (33).  Like MAC-T cells, RTA 

alone could not induce XBP1 mRNA splicing in HeLa cells (Fig. 2).  As shown in Fig. 5A 

and 5B, at 4 hour, 1μg/ml RTA inhibited Tm-induced XBP1 mRNA splicing by 35%.  As 

shown in Figure 5A, inhibition was also observed increased with longer treatment.  This 

inhibition at 4 h was not due to a decrease in total XBP1 mRNA since RTA induced more 

total XBP1 expression compared to Tm treated cells (Fig. 5C). 

    To determine if RTA could inhibit XBP1 splicing in response to other ER 

stress-inducing agents, HeLa cells were treated with thapsigargin (Tg), which causes ER 

stress by disrupting calcium concentrations, and DTT, which reduces disulfide bonds of 

proteins.  In contrast to Tm, RTA could not inhibit Tg and DTT induced XBP1 mRNA 

splicing at 4 h as determined by both XBP1 splicing assay (Fig.6A, B) and qRT-PCR (Fig. 

6C-F).  Similar results were observed with MAC-T cells for both DTT and Tg using the 

semi-quantitative XBP1 splicing assay (data not shown).  Since HeLa cells are less 

sensitive to RTA than MAC-T cells, longer treatment intervals were examined.  When 

cells were treated longer, RTA could partially inhibit this mRNA splicing. As shown in Fig. 

6A, the intensity of the spliced form of XBP1 mRNA was not different between Tm- or 

DTT- treated cells with or without RTA at 6 or 8 h.  However, unspliced XBP1 appeared to 

be increased.  Unfortunately, the qPCR data for 6 and 8 h treatment were not available 

because of the inconsistency of housekeeping genes with longer exposure to RTA.  

RTA inhibits Tm-induced phosphorylation of IRE1 

    Since RTA inhibited ER stress-induced XBP1 mRNA splicing, we looked upstream of 

XBP1 at IRE1 phosphorylation.  As shown in Fig. 7, Tm, Tg, and DTT each induced IRE1 

phosphorylation at least 3-fold, with the largest induction observed with DTT.  Similar to 
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the results of the XBP1 mRNA splicing assay, RTA alone could not induce IRE1 

phosphorylation.  With treatment of 1 μg/ml RTA, Tm-induced IRE1 phosphorylation was 

decreased approximately 45% (Fig. 7B) while Tg and DTT-induced phosphorylation of 

IRE1 were not altered.  Total IRE1 protein levels changed by the DTT treatment was 

observed in two of our experiments. 

RTA inhibits the DTT-induced phosphorylation of eIF2α 

     PERK, another arm of UPR, is not only structurally similar to IRE1 but also shares a 

similar mechanism of activation during induction of ER stress.  Thus, we also wanted to 

determine if RTA could affect the PERK pathway.  To determine if the PERK pathway 

was activated, western blotting of phospho-eIF2α was performed.  eIF2α is a direct 

substrate of phospho-PERK, the active form of PERK.  As shown in Fig. 8, RTA alone 

could not induce eIF2α phosphorylation at 4 h treatment.  eIF2α phosphorylation was 

induced 2- to 4-fold compared to untreated controls by exposure to Tm, Tg, or DTT.  

When HeLa cells were treated with these UPR inducing reagents in the presence of RTA, 

DTT-induced eIF2α phosphorylation was dramatically inhibited by approximately 80% 

relative to cells treated with DTT.  However, RTA could not inhibit the Tm- and 

Tg-induced eIF2α phosphorylation.  Interestingly, RTA increased Tg-induced eIF2α 

phosphorylation although this effect was not statistically significant.  

RTA inhibits Tm-induced BiP mRNA expression   

    Since BiP is downstream of both the IRE1 and PERK pathways and is also a key 

marker of ER stress, we determined if BiP mRNA could be regulated by RTA as well.  

RTA alone did not induce BiP mRNA expression in either cell line.   As shown in Fig. 9A 
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and C, BiP mRNA was induced by Tm approximately 6 fold in HeLa cells and over 20-fold 

in MAC-T cells.  RTA inhibited Tm-induced BiP mRNA expression approximately 47% 

compared to cells treated with Tm alone (Fig. 9B) while Tm-induced Bip mRNA 

expression was decreased approximately 28% to 36% by 0.1 µg/ml and 1 μg/ml RTA, 

respectively (Fig. 9D).  While Tg induced Bip mRNA levels 10- to 14- fold in HeLa cells 

(Fig. 10A), this effect was not affected by RTA (Fig. 10B).  DTT had no effect on Bip 

mRNA levels, therefore it was not surprises that RTA had no effect (Fig. 11).  

Inhibition of ER stress sensitizes cells to RTA-induced cytotoxicty 

        Activation of the UPR pathway represents a survival response that allows the cell 

to recover homeostasis after an ER overload.  Since RTA inhibited both the IRE1 and 

PERK pathways induced by Tm and DTT, respectively, we were interested in determining 

if RTA was more cytotoxic in the absence of the UPR-survival pathway. We have 

previously reported that RTA activates cleavage of caspase-3 and -7 in MAC-T cells (33).  

Therefore, to examine apoptosis, immunoblot analysis of cleaved caspase-3 and -7 was 

examined.  As shown in Fig12, caspase-3 and -7 were not cleaved with UPR-inducing 

reagents alone while cleavage was observed in the presence of RTA alone. However, when 

cells were treated with Tm and DTT in combination with RTA, caspase cleavage was 

clearly augmented.  However, Tg had no effect on caspase cleavage by RTA.  These data 

indicate inhibition of UPR by RTA could make cells more vulnerable to cell death.  

 

Discussion 

    The overall goal of this study was to determine if RTA affects ER stress in mammalian 
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cells.  Since ricin uses retrograde translocation to enter the cell and arrive at the ribosome 

(8), it has been proposed that RTA may act similar to unfolded proteins to activate UPR.  

However, in the present study, RTA did not induce UPR between 4 to 6 hr in MAC-T or 

HeLa cells.  We have also confirmed this result using ricin holoenzyme (data not shown).  

We have previously reported that RTA induces apoptosis in both cell lines within this 

timeframe, as well as depurination and protein synthesis inhibition in MAC-T cells (33).  

This agrees with work in yeast, which showed that RTA alone could not induce UPR.  

Interestingly, others have reported that Shiga toxin, which shares a similar retrograde 

transport pathway with RTA, induces the UPR (157-159).   

 While RTA alone did not induce UPR, it did inhibit UPR induced by ER-stress 

compounds.  In the present study, we found that RTA inhibited XBP1 mRNA splicing 

induced by Tm in both HeLa and MAC-T cells, indicating that this inhibition was not 

cell-type or species specific.  This result agrees with the study of Parikh et al. (154) who 

showed that RTA inhibited Tm-induced Hac 1 mRNA splicing in yeast, which is the yeast 

homolog of mammalian XBP1.  

Since XBP1 splicing is induced by activation of the signaling molecule IRE1, we 

investigated IRE1 phosphorylation.  We found that RTA also inhibited IRE1 

autophosphorylation during ER stress.  We could not determine if this inhibition of IRE1 

phosphorylation also occurred in MAC-T cells since the IRE1 antibody did not recognize 

the bovine protein.  It has been proposed that ricin can associate with other RNA 

substrates in addition to ribosomal RNA (160).  Specifically, Parikh et al. (154) suggested 

that Hac1 mRNA might be a substrate for RTA, which might bind Hac1 mRNA and 

somehow inhibit splicing.  However, the results of the present study show that RTA not 
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only inhibited XBP1 mRNA splicing during ER stress, but also inhibited 

autophosphorylation of IRE1 which is upstream of the splicing event.  This suggests that 

RTA does not directly associate with XBP1 mRNA to inhibit splicing, but inhibits XBP1 

mRNA splicing by inhibiting activation of IRE1.   

Interestingly, the ability of RTA to inhibit IRE1 phosphorylation and XBP-1 splicing 

was not observed when ER stress was induced with DTT.  However, RTA did dramatically 

inhibit the PERK arm of UPR, as evidenced by its ability to decrease DTT-induced eIF2a 

phosphorylation.  Interestingly, RTA did not inhibit Tm-induced eIF2a phosphorylation.  

During UPR, unfolded proteins accumulate in the ER lumen.  This causes the chaperone 

protein BiP to dissociate from ER-membrane associated IRE1 and PERK.  One potential 

mechanism by which RTA could inhibit phosphorylation of these two signaling molecules 

would be to reduce general protein synthesis so that BiP fails to dissociate from IRE1 and 

PERK, which would prevent oligomerization and subsequent phosphorylation.  However, 

if this was the mechanism, RTA would be expected to inhibit both signaling pathways in 

response to either Tm or DTT.  The finding that a different branch of UPR was inhibited 

by RTA in Tm-induced ER stress compared to DTT-induced ER stress suggests that RTA is 

not using a general mechanism involving protein synthesis inhibition to inhibit UPR.   

While the present data suggest specific mechanisms of action for inhibition of 

Tm-induced UPR relative to DTT-induced UPR, the effect could be elicited from either the 

luminal or the cytosolic side of the ER.  Parikh et al. (154) showed that both pre-RTA, 

which contains the ER localization sequence, and mature RTA, which lacks this sequence, 

inhibit Tm-induced UPR in yeast.  Since mature RTA does not enter the ER, these authors 

suggested that RTA inhibits UPR from the cytosolic side of the ER and not the luminal side.  
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Our data support this hypothesis since both IRE1 and PERK phosphorylation occur on the 

cytosolic side of the ER.  However, since RTA inhibited both the IRE1 and PERK 

pathways induced by Tm and DTT, respectively, and the sequence of their luminal domains 

and mechanism of activating UPR are highly conserved, it is also possible that the UPR 

inhibition by RTA is located in the ER lumen.  This needs to be further determined by 

observing if RTA would affect IRE1 and PERK oligomerization or dissociation of BiP. 

In contrast to its effects on Tm- and DTT-induced UPR, RTA did not inhibit any of the 

Tg-induced responses in this study.  Calcium concentration is essential for transport of 

proteins across the ER membrane (161), including translocation of RTA into the cytosol 

from the ER.  This is due to the fact that translocation requires chaperone proteins, such as 

BiP and calnexin, which are calcium-dependent.  One possible explanation for the lack of 

an RTA inhibitory effect on Tg-induced UPR is that treating with Tg would disrupt the 

calcium concentration in the ER and decrease the translocation of RTA from the ER to the 

cytosol (162).  Moreover, this explanation would provide additional support for the idea 

that the RTA inhibition occurs on the cytosolic side of the ER.    

In general, the UPR is a survival response that facilitates the restoration of 

homeostasis by removing misfolded proteins.  However, if the cells cannot recover from 

this stress, the UPR will remove cells by apoptosis to protect the healthy cells.  It was 

originally thought that the cytotoxicity of ricin is due to its ability to inhibit protein 

synthesis.  However, recent work suggests that protein synthesis inhibition caused by 

ribosome depurination in response to ricin is not sufficient to induce apoptosis (32-33).  In 

the present study, RTA induced caspase 3 and 7 cleavage in MAC-T and HeLa cells within 

4 h.  When cells were treated with RTA in combination with Tm or DTT, the cleavage of 
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caspase-3 and -7 were greater than what was observed in both cell lines in response to RTA, 

Tm, or DTT alone.  BiP is a downstream target gene of several transcription factors 

induced during ER stress.  It is well-accepted that BiP is an ER chaperone that is essential 

for facilitating cell recovery from ER stress.  Tm-induced BiP mRNA induction was 

decreased by RTA in both cell lines.  Thus, the inhibition of BiP induction would prevent 

the cells from relieving stress, resulting in apoptosis (163-165).  These data fit with the 

data indicating that RTA inhibits IRE1 phosphorylation and XBP1 splicing, since BiP is 

downstream of this pathway.  Therefore, RTA may ultimately inhibit the UPR survival 

response in part by decreasing the BiP response.   

Interestingly, DTT did not induce BiP mRNA expression in the present study.  This 

may be because HeLa cells were only treated with DTT during the last 30 min of RTA 

treatment because longer exposure to DTT is toxic to the cells.  This might be too short to 

see the induction of BiP.  However, the finding that caspase cleavage was still greater with 

RTA and DTT treatment in the absence of BiP induction suggests that inhibition of other 

components of the UPR pathway were sufficient to enhance the apoptotic effect of RTA.   

    In conclusion, we show here that RTA can inhibit UPR by inhibiting the IRE1 and 

PERK pathways.  This inhibition also increased the cytotoxicity of RTA and made the 

cells more sensitive to ER stress.  It has been suggested that ER stress could be related to 

various diseases, especially cancer (78, 166-167).  Ricin also has been studied as an 

immuotoxin for targeting cancer cells (37-39).  The ability of RTA to enhance its own 

cytotoxicity by inhibiting UPR represents another mode of action that may be important in 

the treatment of several diseases.  
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Figures 

 
 
Figure 1. Signaling pathways of UPR. 
During ER stress, three pathways will be activated: IRE1, PERK, and ATF6. The ultimate 
goal of these pathways is to help cells recover from ER stress.  However, if the stress is 
prolonged, these pathways will induce apoptosis.  Adapted from Qi’s Lab, Division of 
Nutritional Sciences, College of Human Ecology, Cornell University, NY.  
(http://www.human.cornell.edu/che/DNS/qilab/research.cfm)  
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Figure 2. Downstream signaling of UPR pathway.  
During ER stress, IRE1, PERK, and ATF6 are activated to induce various downstream 
signaling of unfolded protein response.  Adapted from Schroder M and Kaufman RJ (168). 
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Abbreviation List 

ATF    activating transcription factor 

DTT    dithiothreitol  

EDEM   ER degradation-enhancer mannosidase-like alpha 1  

eIF2α   eukaryotic initiation factor 2 alpha 

ER    endoplasmic reticulum 

ERAD   ER-associated degradation  

ERSE   ER stress element 

GRP    glucose-regulated protein 

HRD1   HMG-CoA reductase degradation 

IRE1   inositol-requiring protein 1 

PDI    protein disulfide isomerase 

PERK   pancreatic ER kinase (PKR)–like ER kinase 

RIP    Ribosome-inactivating protein 

SERCA   Sarco ER calcium ATPase  

Tg    thapsigargin 

Tm    tunicamycin  

TRAF2   TNF receptor-associated factor 2 
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UGGT   UDP-glucose: glycoprotein glucosyltransferase 

XBP1   X-box binding protein 1 
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