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Abstract 

In vertebrates, cadmium exposure is found to cause respiratory, neurological and kidney 

disorders. At the cellular level, cadmium can damage or modify proteins resulting in the 

production of toxic protein aggregates. The formation of protein aggregates can be inhibited by 

the accumulation of heat shock proteins (HSPs), a class of molecular chaperones. 

Immunoglobulin binding protein (BiP) is an endoplasmic reticulum (ER)-resident heat shock 

protein that binds to nascent proteins on entry into the ER and assists in their folding and 

assembly. Little information is available on the effect of cadmium on BiP accumulation or 

function in vertebrates. In this study, cadmium treatment of Xenopus laevis A6 kidney epithelial 

cells induced a dose- and time-dependent increase in BiP accumulation that was the result of de 

novo transcription and translation. In cells recovering from cadmium exposure, elevated levels of 

BiP were still detectable after 48 and 72 h. The exposure of cells to a low concentration of 

cadmium at 30 °C greatly enhanced BiP accumulation compared to cadmium treatment at 22 °C. 

Glutathione levels may modulate the UPR since treatment of cells with the glutathione synthesis 

inhibitor, buthionine sulfoximine, enhanced cadmium-induced BiP accumulation. Finally, 

immunocytochemistry revealed that cadmium-induced BiP accumulation occurred primarily in a 

punctate pattern in the perinuclear region. In some cells treated with 200 μM cadmium or 30 μM 

MG132, relatively large BiP antibody staining structures were observed that co-localized with a 

Proteostat dye that has been used to detect aggregated protein or aggresome-like structures. 

Analysis of individual z-planes revealed that BiP was detected in the center of the Proteostat-

stained structures. These structures were also observed in cells treated with 100 μM cadmium 

chloride at 30 °C or 100 μM cadmium chloride after pretreatment with the glutathione inhibitor, 

buthionine sulfoximine. This study has shown for the first time in amphibians that cadmium 
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chloride induced an increase in BiP levels, which is likely to counteract the toxic accumulation 

of aggregated protein in the ER. The sequestration of protein aggregates by a molecular 

chaperone may be significant to the understanding of the pathology of certain diseases that result 

in intracellular inclusion bodies such as Alzheimer’s disease, Parkinson’s disease and 

amyloidosis.  
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1.0 Introduction 

1.1 Proteotoxic stress 

Proteotoxic stress refers to a challenge imposed on the homeostasis of the cellular 

pathways that maintain the synthesis, folding, translocation and degradation of proteins (Balch et 

al., 2008). A proteotoxic stress can be the consequence of environmental stress (e.g. heat shock, 

heavy metals, proteasomal inhibitors) or certain disease states (e.g. Alzheimer’s, Parkinson’s, 

cystic fibrosis). For example, the exposure of cells to heat shock can disrupt the conformational 

stability of native proteins by affecting hydrogen bonds, van der Waal forces, salt bridges and 

hydrophobic interactions (Daniel et al., 1996). Hydrophobic and backbone moieties that are 

buried in the interior of native protein are exposed when proteins become unfolded/misfolded, 

which increases the probability of aggregation since hydrophobic forces drive the interaction 

between non-native proteins (Chiti & Dobson, 2009; Tyedmers et al., 2010; Vabulas et al., 

2010). Additionally, protein aggregation results in the loss of their function within the cell, 

which can disrupt biochemical pathways (Powers et al., 2009). The process of protein 

aggregation was shown to be concentration dependent and enhanced by the cell’s crowded 

environment (Zimmerman & Trach, 1991; Ellis & Minton, 2006; Chiti & Dobson, 2009). Two 

modulators of protein homeostasis that can inhibit or reduce the level of stress-induced protein 

aggregation are the heat shock and unfolded protein response (Morimoto, 2008; Powers et al., 

2009). 

 

1.2 Heat shock proteins 	

Heat shock proteins (HSPs) are highly conserved in evolution as they have been reported in 

essentially all organisms from bacteria to humans (Lindquist & Craig, 1988; Kregel, 2002). In 
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eukaryotic cells, there are at least 6 HSP families that have been classified by means of size and 

amino acid sequence and include HSP90, HSP70, HSP60, HSP40 and small HSPs (sHSPs). 

Some HSPs are constitutively expressed while others are stress-inducible (Katchinski, 2004). 

Stress-inducible HSPs can protect the cell by inhibiting aggregation of unfolded/misfolded 

protein. Once normal conditions return, some stress-inducible HSPs can refold their client 

proteins to restore their function. Stress-inducible HSPs appear to be involved in the protection 

of cells from exposure to heavy metals, hydrogen peroxide, extreme temperatures or ethanol 

toxicity (Richter et al., 2010). Other HSPs, such as HSP40, work as co-chaperones that regulate 

the activity and substrate specificity of other HSPs (Fan et al., 2003).  In addition to their roles 

during stress conditions, HSPs can play a role in normal cellular function by assisting in protein 

translation, translocation and protein refolding (Kang et al., 1990; Frydman et al., 2001). 

 

1.2.1 HSP70 Family 

 The HSP70 family has been highly conserved during evolution (Katchinski,  

2004; Daugaard et al., 2007). Eukaryotic organisms contain multiple copies of HSP70 family 

members specific for different cellular compartments (Katchinski, 2004). This includes stress-

inducible HSP70 and constitutively-expressed heat shock cognate 70 (HSC70) found primarily 

in the cytosol, mitochondrial HSP70, and the endoplasmic reticulum (ER) protein, 

immunoglobulin binding protein (BiP; discussed in section 1.4), which is also known as glucose-

regulated protein 78 (GRP78; Daugaard et al., 2007). All HSP70 proteins share a conserved 

ATPase domain, a protease-sensitive site, a peptide binding domain and a G/P-rich C-terminal 

domain (Daugaard et al., 2007). The N-terminal ATP-binding domain is well conserved between 

HSP70 family members compared to the C-terminal substrate-binding domain (Brocchieri et al., 
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2008). Eukaryotic HSP70 family members share a high amount of amino acid identity as well as 

with homologs in evolutionarily distant species. For example, Drosophila HSP70 shares 73% 

amino acid identity with human HSP70 (Hunt & Morimoto, 1985). The human genome contains 

47 hsp70 sequences consisting of 17 genes and 30 pseudogenes, which can be divided into 7 

evolutionarily distinct groups that share a high degree of sequence similarity among them 

(Brocchieri et al., 2008). 

 

1.2.2 Cytosolic stress-inducible HSP70 

 In human cell lines, cytosolic HSP70 was induced by stressful conditions including heat 

shock, oxidative stress and the presence of heavy metals as well as other stressors (Vilaboa et al., 

1997). HSP70 was determined to act as an ATP-dependent molecular chaperone since it bound 

to the hydrophobic residues of denatured client proteins to inhibit their aggregation followed by 

refolding of the protein once normal conditions were re-established (Katschinski, 2004; 

Daugaard et al., 2007). HSP70 was reported to prevent aggregation by interacting with growing 

polypeptide chains under stressful conditions (Beckman et al., 1990; Shalgi et al., 2013) Stress-

inducible HSP70 can also protect from programmed cell death by acting on upstream or 

downstream factors of caspase activation (Mosser et al., 2000).  

 There are two human stress-inducible hsp70 genes, hsp70-1a and hsp70-1b (Brocchieri et 

al., 2008; Murphy, 2013). Hsp70-1a and hsp70-1b are intronless and produce nearly identical 

proteins differing by two amino acids (Murphy, 2013). The promoter for both hsp70-1a and 

hsp70-1b contain a TATA box, two CCAAT boxes, at least two HSEs, a serum response 

element, a metal response element (MRE) and binding sites for transcription factors such as 

specificity protein 1 (SP1), v-myc myeolocytomatosis viral oncogene homolog (c-MYC) and 
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forkhead box a-1 (FOXA-1;Wu et al., 1986; Morgan et al., 1987, Morgan, 1989; Murphy, 2013). 

The activation of hsp70-1 can occur under certain stress conditions, which includes heat shock, 

hypoxia, low pH and redox imbalance (Silver & Noble, 2012). The transcriptional regulation of 

hsp70-1 under heat stress has been extensively studied (Refer to Section 3 for the heat shock 

response).  

 In Xenopus laevis, there has been one cDNA and four intronless hsp70A, B, C and D 

genes isolated, however the full coding sequence is only available for hsp70A and hsp70B 

(Bienz, 1984; Horrell et al., 1987; Heikkila, 2010). The 5’ regulatory region for hsp70A and 

hsp70B contains 3 heat shock elements (HSEs) in addition to a TATA and CCAAT box. The 

amino acid sequence for HSP70A shares a 74% identity with Drosophila HSP70 (Heikkila, 

2010). Increased accumulation of Xenopus HSP70 has been reported in A6 cells that were 

exposed to stressors such as heat shock, cadmium chloride, sodium arsenite, proteasomal 

inhibitors, curcumin, celastrol, withaferin A and hydrogen peroxide (Muller et al., 2004; 

Woolfson & Heikkila, 2009; Walcott & Heikkila, 2010; Young & Heikkila, 2010; Khan & 

Heikkila, 2011; Brunt et al., 2012; Khan et al., 2012; Khamis & Heikkila, 2013). In A6 cells 

recovering from heat shock, HSP70 accumulation declined to control levels after 24 h but 

remained elevated when cells were also treated with a proteasome inhibitor, suggesting HSP70 

was being degraded by the proteasome (Khan & Heikkila, 2014).   

 

1.3 The heat shock response 

In 1964, Ferruccio Ritossa reported that Drosophila larvae exposed to an elevated 

temperature of 37 °C resulted in the formation of specific puffs in salivary gland chromosomes 

(Ritossa, 1964). These puffs were later characterized as transcriptionally active sites (Berendes, 
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1968). Since then it has been proposed that elevated temperature can induce the synthesis of 

HSPs through the heat shock response (HSR), which is the activation of transcription of hsp 

genes leading to the transient production of HSPs. The HSR has been studied in numerous 

systems and under a variety of conditions (Pardue et al., 1992; Feder & Hofman, 1999; 

Morimoto, 2008). Upon the activation of the HSR, stress-inducible HSPs were determined to 

bind to unfolded protein, inhibit their aggregation, and assist in their refolding once 

environmental conditions returned to normal. 	

Heat shock factors (HSFs) are the key transcriptional regulators of hsp gene transcription 

(Akerfelt et al., 2010). In 1984, there were two reports published on the presence of a HSF bound 

to the upstream regulatory region of hsp genes in Drosophila (Parker & Topol, 1984; Wu, 1984). 

Later studies with vertebrates revealed the presence of HSF1, HSF2, HSF3 and HSF4. HSF1 is 

the key regulator of the HSR in mammals and is the functional homologue to HSF found in 

Drosophila and yeast (Pirkkala et al., 2001). HSF2 is tissue-specific (testes, heart and brain for 

example) and is found in certain stages in development (Goodson et al., 1995; Pirkkala et al., 

2001). HSF3 was reported in birds and is stress-responsive (Nakai & Morimoto, 1993; Pirkkala 

et al., 2001; Fujimoto et al., 2010). Finally, HSF4 has two isoforms that have different regulatory 

effects, HSF4a and HSF4b, which are expressed in a tissue-specific manner (Tanabe et al., 1999; 

Pirkkala et al., 2001).  

In a DNA mobility shift assay, HSF binding to a synthetic oligonucleotide corresponding to 

the HSE of the hsp70B gene was reported to be heat-inducible at all developmental stages in 

Xenopus laevis including the pre-midblastula stages, which are unable to express HSP genes 

(Ovsenek & Heikkila, 1990). Also, cDNA sequences have been isolated and sequenced for 

Xenopus laevis HSF1 and HSF2, respectively (Stump et al., 1995; Hilgarth et al., 2004). Both 
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sequences for Xenopus laevis HSF1 and HSF2 share high similarity to other vertebrate HSFs 

(Stump et al., 1995; Hilgarth et al., 2004).  

The general model for the HSR begins with a pre-existing monomeric form of HSF1 in the 

cell bound to heat shock protein 90 (HSP90) and histone deacetylase 6 (HDAC6) under normal 

conditions (Figure 1; Voellmy, 2004; Boyault et al., 2007; Pernet et al., 2014). In response to 

stressful conditions, monomeric HSF1 undergoes a conformational change, which allows HSF1 

to trimerize and enter the nucleus (Hentze et al., 2016). It then binds a cis-acting element in the 

upstream region of stress-inducible hsp genes, the heat shock element (HSE), and recruits RNA 

polymerase II to activate transcription (Voellmy & Boellman, 2007; Hentze et al., 2016). The 

transition from monomeric HSF1 to a trimer was reported to be concentration-dependent (Hentze 

et al., 2016). 

  

1.4 Immunoglobulin binding protein (BiP) 

1.4.1 BiP discovery 

In the 1970s, researchers reported that the infection of chick embryo fibroblast cells with 

an avian RNA tumor virus induced rapid cell divisions, which resulted in glucose deprivation 

and the concomitant accumulation of 78 and 94 kDa polypeptides (Stone, 1974; Pouysségur et 

al., 1977). These proteins were referred to as glucose-regulated protein 78 (GRP78) and glucose-

regulated protein 94 (GRP94; Pouysségur et al., 1977; Shiu et al., 1977). Tunicamycin, an N-

linked glycosylation inhibitor, also enhanced the relative level of GRPs (Olden et al., 1979). 

GRP78 and GRP94 accumulated in high amounts in ER fractions from glucose-starved avian 

cells, suggesting these proteins were ER residents (Zala et al., 1980). Other studies revealed that 

GRP78 was identical to immunoglobulin binding protein (BiP) that was found covalently 

attached to the heavy chain of immunoglobulin proteins produced in lymphocytes and  
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Figure 1. The heat shock response. Stress-induced unfolded protein accumulation in the 

cytoplasm results in the dissociation of HSP90 and HDAC6 from the HSF1 monomer, which 

then trimerizes, enters the nucleus and binds to HSEs to activate transcription of hsp genes.  
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hybridomas (Haas & Wabl, 1983). BiP/GRP78 was later determined to be a member of the 

hsp70 gene family (Munro & Pelham, 1986). 

 
1.4.2 BiP structure 

 BiP is highly conserved and shares more sequence identity with homologues from 

different species than with other HSP70 family proteins found within the same organism  

(Haas, 1994). For example, rat BiP shares 98% sequence identity with hamster BiP compared to 

62% with rat HSP70 (Haas, 1994). BiP is composed of an ATPase and C-terminal peptide-

binding domain connected via a linker, as well a KDEL ER retention signal sequence (Lys-Asp-

Glu-Leu; Munro & Pelham, 1986; MacIas et al., 2011). Normally, the KDEL ER retention 

sequence prevents BiP secretion from the ER. However, BiP and other ER chaperones 

containing the KDEL (e.g. GRP94 and protein disulphide isomerases) have been documented to 

leave the ER under cell stress or through anterograde transportation under normal conditions 

(Capitani & Sallese, 2009). Crystal structures were determined for human BiP in an ATP-bound 

state as well as the BiP substrate-binding domain with a bound peptide and the ATPase domain 

in complex with ADP (Wisniewska et al., 2010; Yang et al., 2015) 

 

1.4.3 BiP function within the endoplasmic reticulum  

 The ER mediates early steps involved in the biosynthetic pathway of secretory and 

surface proteins. Normally, all proteins destined for secretion or the cell surface contain a 

hydrophobic ER signal sequence usually at the N-terminus (Lodish et al., 2000). The translation 

of secretory and surface proteins occurs either through co-translational translocation or post-

translational translocation. Co-translational translation occurs when proteins containing an ER 

signal sequence guide ribosomes to the ER membrane at a translocon gate, permitting 
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translocation while translation occurs (Ma & Hendershot, 2004; Nyathi et al., 2013). Studies 

performed in yeast suggested that BiP plays an essential role in the functioning of the translocon 

gate (Alder et al., 2005; Nyathi et al., 2013). BiP was also determined to bind nascent unfolded 

polypeptides in the ER lumen and to prevent their degradation and/or aggregation before they 

reached a folded-competent state (Sanders & Shekman, 1992). Post-translational modifications 

of the nascent polypeptide can then occur, which include N-linked glycosylations and disulphide 

bonds (Ma & Hendershot, 2004). Many modified proteins are then transited to other organelles, 

such as the Golgi apparatus, mitochondria or lysosomes, or are secreted from the cell (Lodish et 

al., 2000). ER molecular chaperones monitor the maturation of newly translated secretory 

proteins in the complex ER environment that is oxidizing, calcium-rich and highly crowded (Ma 

& Hendershot, 2004). BiP plays a significant role in this process by binding misfolded protein, 

preventing aggregation and re-folding proteins in an ATP-dependent manner (Zhu & Lee, 2015). 

When ATP occupies the ATPase domain of BiP, the substrate-binding domain is in an open 

conformation, allowing substrates to bind and release with low affinity (Otero et al., 2010). The 

hydrolysis of ATP closes the substrate binding which stabilizes the interaction of BiP with the 

substrate (Mayer & Bukau, 2005; Otero et al., 2010). ADP is exchanged for ATP and the 

substrate protein is released, allowing an opportunity to re-fold (Mayer & Bukau, 2005; Otero et 

al., 2010). BiP has high binding affinity with substrates containing hydrophobic residues exposed 

on misfolded proteins (Flynn et al., 1991; Haas, 1994). 

BiP was found to directly bind calcium, regulate the unfolded protein response (UPR; 

discussed in the section 4.5) and aid in endoplasmic reticulum associated degradation (ERAD; 

Lee, 2001; Ni et al., 2011). The model for ERAD proposes that a misfolded protein in the ER is 

targeted, carried to a retrotranslocon in the ER membrane and exported to the cytosol for 
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degradation by the 26S proteasome (Okuda-Shmizu & Hendershot, 2007). Studies in yeast 

suggested that BiP was required for the retrotranslocation of several non-glycosylated ERAD 

substrates (Plemper et al., 1997; Brodsky et al., 1999). Also, mammalian studies reported that 

soluble non-glycosylated BiP substrates were retrotranslocated and degraded by the 26S 

proteasome (Skowronek et al., 1998; Okuda-Shmizu & Hendershot, 2007).  

In addition to the ER, BiP has been identified at low levels in the nucleus, cytosol, 

mitochondria and extracellular membrane (Ni et al., 2011). Cells exposed to thapsigargin (an ER 

calcium-ATPase inhibitor) or cells ectopically expressing BiP as well as certain tumor cells, such 

as gastric cancer cells and pancreatic cancer cells, have been shown to have BiP on their cell 

surface (Quinones et al., 2008; Ni et al., 2011). In cancer cells, cell surface BiP is thought to play 

a role in mediating tumor cell signalling (Misra et al., 2004; Ni et al., 2011). For example, cell 

surface BiP binds alpha2-macroglobulin, activates p21 protein (cdc42rac)-activated kinase-2 

(PAK-2) and leads to an increase cell motility for metastasis (Misra et al., 2004).  

 

1.4.4 Xenopus laevis BiP 

Two Xenopus laevis BiP cDNAs have been isolated and sequenced (Beggah et al., 1996; 

Miskovic et al., 1997). Miskovic et al. (1997) reported they share 97% identity with each other 

and share approximately 90% identity with chicken, rat and human BiP sequences than Xenopus 

HSP70 (57%) or HSC70 (55%) amino acid sequences. Bip mRNA was detected in all stages of 

development, from unfertilized eggs to 4-day tadpoles (Winning et al., 1991). Furthermore, 

A23187 and tunicamycin first enhanced bip mRNA accumulation at the neurula stage (Miskovic 

et al., 1999). In Xenopus laevis A6 kidney epithelial cells, bip mRNA and BiP protein levels 

were enhanced by treatment with heat shock, tunicamycin or A23187 (Winning et al., 1989; 
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Winning et al., 1991; Miskovic et al., 1997). Recently, our laboratory found that BiP was also 

induced by the proteasomal inhibitors, MG132 and withaferin A, as determined by immunoblot 

and immunocytochemical analysis (Khan et al., 2012).  

 

1.4.5 The unfolded protein response (UPR) 

 The accumulation of unfolded proteins within the ER lumen was found to upregulate stress-

inducible BiP through the unfolded protein response (UPR; see Figure 2; Lièvremont et al., 

1997; Lee, 2005; Ron & Walter, 2007; Walter & Ron, 2011). Under normal conditions, BiP 

inhibits the activity of three ER transmembrane proteins: activating transcription factor 6 

(ATF6), inositol-requiring enzyme 1 (IRE1) and protein kinase RNA-like ER kinase (PERK; 

Ron & Walter, 2007). As proteins unfold and accumulate in the ER lumen, BiP dissociates from 

ATF6, IRE1 and PERK to bind the unfolded proteins (Bertolloti et al., 2000; Shen et al., 2002). 

Upon release of BiP, ATF6 translocates to the Golgi apparatus where it is cleaved to become the 

transcription factor, ATF6f, which is capable of inducing BiP gene expression (Kokame et al., 

2001; Shen et al., 2002). IRE1 dissociates from BiP to gain endoribonuclease activity (Schröder 

& Kaufman, 2005). IRE1 can then splice x-box binding protein 1 (XBP1) mRNA to allow 

translation of the XBP1s protein, a transcription factor that is involved in inducing the expression 

of BiP, endoplasmic reticulum associated degradation (ERAD) genes and other genes associated 

with the unfolded protein response (Yoshida et al., 1998; Smith et al., 2011; Walter & Ron, 

2011). PERK then dissociates from BiP and phosphorylates eukaryotic translation factor 2-alpha 

(eIF2α), which inhibits protein translation thus preventing further protein accumulation in the ER 

(Schröder & Kaufman, 2005). In mammalian studies, XBP1s and ATF6f have been reported to 

bind upstream cis-regulatory elements called endoplasmic reticulum stress elements (ERSE) to 
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Figure 2. The unfolded protein response. Under normal conditions, BiP inhibits the activation of 

the unfolded protein response by binding ATF6, IRE1 and PERK. An increase in unfolded 

proteins within the ER lumen results in the dissociation of BiP from ATF6, IRE1 and PERK 

allowing it to	bind the unfolded protein. ATF6 translocates to the Golgi apparatus to undergo 

processing to become ATF6f, a transcription factor able to induce BiP expression. Activated 

IRE1 gains endoribonuclease activity, which splices XBP1 mRNA into XBP1s mRNA. 

Subsequent translation into XBP1s protein enables induction of ERAD and BiP gene expression. 

Activated PERK phosphorylates eIF2α, which can inhibit translation. Image adapted from Todd 

et al., 2008. 
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enhance BiP expression (Yoshida et al., 1998; Yamamoto et al., 2004). Duplicate copies of 

mammalian ERSE (CCAAT-N9-CCACG) fused to a chloramphenicol transferase (CAT) coding 

sequence were required for stress-induced expression in HeLa cells treated with tunicamycin, an 

N-linked glycosylation inhibitor (Yoshida et al., 1998; Roy & Lee, 1999).  

 

1.5 Small heat shock proteins  

 Small HSPs (sHSPs) have been reported in a range of organisms that include bacteria, 

plants, insects, tardigrades, nematodes, crustaceans, amphibians, and mammals (Allen et al., 

1992; Linder et al., 1996; Wotton et al., 1996; Ohan et al., 1998; Sun et al., 2002; Sun & 

MacRae, 2005; Morrow et al., 2006; Schokraie et al., 2011). Amino acid sequences of sHSP 

families, such as Hsp27, are well conserved within a species but are more divergent across 

species (de Jong et al., 1998; Stromer et al., 2003).  In response to proteotoxic stress, sHSPs 

interact efficiently with a wide range of partially unfolded protein substrates including enzymes 

and cytoskeletal proteins (Lentze & Narberhaus, 2004; Sudnitsyna et al., 2012).  

 In addition to inhibiting the cell from the accumulation of aggregated protein, sHSPs 

were reported to have roles in cellular differentiation, apoptosis, proliferation and the modulation 

of the redox state (Mounier & Arrigo, 2002; Arrigo, 2007; Heikkila, 2010; Sudnitsyna et al., 

2012). Moreover, expression of sHSPs in unstressed cells decreased the basal level of 

intracellular reactive oxygen species (ROS) in addition to reducing the ROS generative by 

oxidative stress (Arrigo, 2007). Glutathione seems to play a major role in the ability of sHSPs to 

modulate a cell’s redox state (Mehlen et al., 1996). Furthermore, a X. laevis sHSP, HSP30, was 

associated with aggresome-like inclusion bodies in A6 cells treated with cadmium chloride, 

sodium arsenite or proteosomal inhibitor (Khan et al., 2015). As will be described in Section 8.0, 
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an aggresome is a membrane-free pericentriolar inclusion body containing misfolded and 

ubiquitinated protein surrounded by a vimentin cage (Johnston et al., 1998). 

  

1.6 Heme oxygenase-1 

Heme-oxygenase 1 (HO-1), also known as heat shock protein 32 (HSP32), is a stress-

inducible enzyme that catalyzes the degradation of heme into biliverdin, free iron and carbon  

monoxide (Paine et al., 2010). Biliverdin reductase subsequently catalyzes the conversion of 

biliverdin to bilirubin, a potent antioxidant (Paine et al., 2010). Stress-induced HO-1 

accumulation was reported to increase cell survival by inhibiting apoptosis and reducing 

oxidative stress (Kapitinulk & Maine, 2010). HO-1 is controlled mainly at the transcriptional 

level (Ryter et al, 2006). Nuclear factor erythroid-2-related factor-2 (NRF2) is the principal 

regulator of HO-1 gene expression (Alam & Cook, 2007; Macleod et al, 2009).  Under normal 

conditions, NRF2 is ubiquitinated by Cullin 3-ring box 1 (Cul3-RBX1) and is readily degraded 

by the proteasome (Kobayashi et al, 2004). A substrate adaptor for NRF2 ubiquitination known 

as kelch-like erythroid-derived cap-n-collar-homology associated protein 1 (KEAP-1) is 

modified by redox-dependent stimuli at two cysteine residues, which permits NRF2 to avoid 

degradation and accumulate in the nucleus (Zhang & Hannink, 2003; Kobayashi et al., 2004; 

Macleod et al., 2009). NRF2 forms a heterodimer with musculaponeurotic fibrosarcoma (MAF) 

proteins, which activates HO-1 gene expression by binding to Maf recognition elements (MARE; 

Nioi et al., 2003; Li et al., 2008). Heavy metals and proteasome inhibitors were found to induce 

the expression of HO-1 genes in mammals by NRF2 translocation induced by p38 mitogen-

activated protein kinase (p38 MAPK; Alam et al., 2000; Wen-Tung et al., 2004; Yamamoto, 

2010). HO-1 induction by cadmium or MG132 has also been reported to involve NRF2 binding 
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to MARE in mammalian studies (Alam et al., 2000; Cai, 2013). In addition, mammalian cells 

treated with an inhibitor of glutathione synthesis, buthionine sulfoximine (BSO), showed an 

increase in HO-1 mRNA and protein accumulation (Saunder et al., 1991; Ewing & Maines, 

1993; Li et al., 2013). 

In Xenopus laevis, HO-1 was suggested as having important roles in development, since 

it was detected in neural crest lineages, pronephron cells and pronephric tubule cells (Shi et al., 

2008). As will be mentioned later, our laboratory has characterized HO-1 accumulation under 

heavy metal stress and proteasome inhibition in Xenopus laevis A6 kidney epithelial cells (Music 

et al., 2014). 

 

1.7 Ubiquitin-Proteasome System 

Cells are able to degrade proteins and maintain protein homeostasis through the 

ubiquitin-proteosome system (UPS). The UPS is a non-lysosomal proteolytic pathway that 

occurs in two general steps. First, a damaged or misfolded protein is targeted for degradation by 

the attachment of multiple ubiquitin molecules (Ciechanover, 1994). Secondly, the ubiquitinated 

protein is brought to the 26S protease complex for degradation (Ciechanover, 1994). The 26S 

protease complex consists of a 19S regulator and a 20S proteolytic core. The 19S regulator 

identifies ubiquitinated proteins and transfers them to the 20S proteolytic core for degradation 

(Figure 3; Lee & Goldberg, 1998; Demartino & Gillette, 2007).  

Proteins are targeted for degradation by the attachment of ubiquitin proteins to lysine 

residues on the targeted protein. Three sets of enzymes coordinate the attachment of ubiquitin,  

ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases 

(E3; Ravid & Hochstrasser, 2008). E1 hydrolyzes ATP and adenylylates ubiquitin, which is then 
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transferred to E1’s active-site in concert with the adenylylation of a second ubiquitin (Ravid & 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Ubiquitin-proteasome system. A) Multiple ubiquitin molecules are added to 

unfolded/misfolded protein by ubiquitin-conjugating enzymes. The targetted protein is then 

cleaved into smaller peptides by the 26S Proteasome complex. B) Structure of the 26S 

Proteasome complex containing the 19S regulator subunits and the 20S proteolytic core 

composed of 2 alpha and 2 beta rings (Image adapted from Lee & Goldberg, 1998).  
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Hochstrasser, 2008). Adenylated ubiquitin is then transferred to E2. E3 recognizes the protein for 

ubiquitination and catalyzes the transfer of ubiquitin from E2 to the lysine residue of the targeted 

protein (Ardley & Robinson, 2005; Ravid & Hochstrasser, 2008). E3 enzymes are capable of 

polyubiquination, where several ubiquitin proteins are attached to targeted proteins (Thrower et 

al., 2000). Polyubiquitination is a proteolytic signal for the 26S proteasome (Thrower et al. 2000, 

Ardley & Robinson, 2005).   

The UPS plays a role for cellular processes such as cellular differentiation, cell cycle 

progression, proliferation and apoptosis (Landis-Piwowar et al., 2006). The inhibition of the 

proteasome can result in the increased accumulation of ubiquitinated protein, which has been 

documented in Xenopus A6 cells treated with MG132, withaferin A, celastrol, cadmium chloride 

or sodium arsenite  (Walcott & Heikkila, 2010; Brunt et al., 2012; Khan et al., 2012).  

 

1.8 Aggresomes and ERACs 

When the UPS is inhibited or overwhelmed, eukaryotic cells form organized structures called 

aggresomes. Aggresomes are membrane-free pericentriolar inclusion bodies that contain 

ubiquitinated and misfolded proteins that are surrounded by a vimentin cage (a type III 

intermediate filament; Johnston et al., 1998). Aggregated protein is brought to the aggresome by 

dynein-dependent retrograde transportation on microtubules (Figure 4; Kopito, 2000; Corchero, 

2016). The transportation of aggregated protein is facilitated by the protein deacetylase, HDAC6  

(Kawaguchi et al., 2003). It was found that inhibition of microtubule polymerization prevented 

aggresome formation by preventing the retrograde transportation of unfolded protein, which led 

to an increase in cytotoxic misfolded protein throughout the cytoplasm (Kopito, 2000;  
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Figure 4. Schematic of aggresome formation. Misfolded protein is brought to the pericentriolar 

region by dynein-dependent transportation on microtubules. The misfolded protein accumulating 

next to the nucleus (red) is wrapped in a vimentin cage (green). Image adapted from Corchero, 

2016.   
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Kawaguchi et al., 2003). Inhibiting the proteasome with MG132 was found to induce aggresome 

formation in human embryonic kidney, HeLa, neuroblastoma and breast epithelial cells (Zaarur 

et al., 2008; Ouyang et al., 2012; Taylor et al., 2012; Salemi et al., 2014). In addition, sodium 

arsenite and cadmium chloride induced aggresome formation in yeast and human embryonic 

kidney cells (Heir et al., 2006; Song et al., 2008; Jacobsen et al., 2012).  

HSP70 has been reported to promote aggresome formation through interaction with 

ubiquitin ligase carboxyl terminal of HSP70/HSP90 interacting protein (CHIP) and B cell 

lymphoma-2 associated anthonogene 3 (BAG3; Gamerdinger et al., 2011; Zhang & Qian, 2011). 

Abrogating the interaction between HSP70 and CHIP or B-cell lymphoma 2-associated 

athonogene-3 (BAG3) prevented aggresome formation (Gamerdinger et al., 2011; Zhang & 

Qian, 2011). Previous studies with mammalian cells treated with the proteosomal inhibitor, 

MG132, reported the co-localization of HSP27, alphaB-crystallin, and BiP with aggresomes 

(Bauer & Richter-Landsberg, 2006; Goldbaum et al., 2009; Bolhuis & Richter-Landsberg, 2010; 

Ito et al., 2012; Sabatelli et al., 2014; Malek et al., 2015). Furthermore, Ardley et al. (2004) 

observed co-localization of BiP with mutant ubiquitin carboxy-terminal hydrolase-1 (UCH-1), a 

mutant protein that is involved in aggresome formation, within inclusions formed in monkey 

kidney cells overexpressing UCH-1. Recently, the treatment of Xenopus A6 cells with MG132, 

cadmium chloride or sodium arsenite induced the presence of HSP30 associated aggresome-like 

inclusion bodies as determined by means of a Proteostat aggresome dye and co-localization of 

immunocytochemical markers, gamma-tubulin and vimentin (Khan et al., 2015).  

Other organized inclusion body structures have been reported. A study examining mutant 

proteins that accumulate and misfold in the ER of yeast reported inclusion bodies associated with 

the ER, named ER-associated compartments (ERACs; Huyer et al., 2004). Electron microscopy 
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suggested ERACS were comprised of tubular-vesicles directly connected to the ER (Huyer et al., 

2004). ERACs localized next to the nucleus and associated with ER lumenal and membrane 

proteins in addition to BiP, as determined by co-localization studies (Huyer et al., 2004; Bagola 

& Sommer, 2008). ERACs and aggresomes share similar features such as localization next to the 

nucleus, presence of ubiquitinated proteins and association with molecular chaperones. It 

remains to be determined whether these inclusion bodies are related or serve distinct functions 

(Bagola & Sommer, 2008).  

 

1.9 Cadmium 

Cadmium is an environmental pollutant produced mainly by non-ferrous metal production 

and combustion of fossil fuels (Cullen & Maldonado, 2013). Chronic exposure to cadmium has 

been associated with numerous human health problems such as lung cancer, Alzheimer’s disease, 

and kidney dysfunction (WHO, 2008; Nordberg, 2009). The kidney is the principal organ that is 

negatively affected by long-term cadmium exposure (Groten et al., 1991; Nordberg, 2009). 

Circulating cadmium in the glomerulus followed by proximal tubular uptake and transport to 

distal nephron segments is a general mechanism to explain cadmium-induced nephrotoxicity that 

has been reported in both proximal and distal tubular epithelial cells (Friedman & Gesek, 1994; 

Faurskov & Bjerregaard, 2002).  

Cadmium enters the cell mainly through metal transporters such as zinc-regulated 

transporter, iron-regulated transporter related protein 8 (ZIP8), ZIP14 and divalent metal ion 

transporter 1 (DMT1; Fujisharo et al., 2012). Once inside the cell, cadmium was determined to 

have effects on cell cycle progression, differentiation, apoptosis, DNA replication/repair and 

gene expression (Bertin & Averbeck, 2006). Cadmium interferes with proteins containing thiol 
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groups or zinc finger domains, which cause an increase in the intracellular level of 

denatured/abnormal protein (Waisberg et al., 2003). These conditions can activate the heat shock 

response resulting in the accumulation of HSPs. 

Cadmium is highly soluble in water and is present in many aquatic environments (Kumar 

& Singh, 2010). In amphibians and fish, cadmium can enter through passive diffusion or carrier 

transport through the gills (Kumar & Singh, 2010). Acute or chronic cadmium exposure to adult 

amphibians, such as Rana temporaria or Xenopus laevis, resulted in the accumulation of 

cadmium in organs such as the liver, kidney, gonads and skin (Vasil’eva et al., 1987; Vogiatzis 

and Loumbourdis, 1997; Fort et al., 2001; Loumbourdis & Vogiatzis, 2002; Othman et al., 2009; 

Simoncelli et al., 2015). Several studies have examined the effect of cadmium cellular toxicity in 

Xenopus laevis A6 kidney epithelial cells (Faurskov & Bjerregaard, 2002; Bjerregaard, 2007; 

Woolfson & Heikkila, 2009; Brunt et al., 2012; Music et al., 2014). The Xenopus A6 cell line 

was reported to produce a transient spike in cytosolic calcium in a dose-dependent relationship 

with cadmium treatments (Faurskov & Bjerregaard, 2002).  Our laboratory has previously 

characterized cadmium chloride-induced accumulation of HSP30 and HSP70 proteins in 

Xenopus laevis A6 kidney epithelial cells (Woolfson & Heikkila, 2009; Brunt et al., 2012; 

Khamis & Heikkila, 2013; Music et al., 2014).  

Another mechanism associated with cadmium cytotoxicity is its ability to induce an 

imbalance in the cellular redox state. Cadmium was shown to decrease the availability of 

antioxidants such as glutathione (GSH) while concurrently increasing reactive oxygen species 

produced by the mitochondria (Waisberg et al., 2003; Bertin & Averbeck, 2006). GSH is a low 

molecular weight thiol that exists in high concentrations (0.1 to 10 mM) within animal cells 

(Schafer & Buetner, 2001; Mah & Jalilehvand, 2010). GSH can directly scavenge ROS (eg. 
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hydrogen peroxide, hydroxyl radical, lipid peroxyl radical, etc.) by serving as an electron donor 

(Schafer & Buetner, 2001; Pompella et al., 2003). These redox reactions convert GSH to its 

oxidized form, glutathione disulfide (GSSG; Schafer & Buetner, 2001). The ratio between 

reduced and oxidized GSH is often a measure of the redox state of a cell and can be indicative of 

certain age-related diseases, such as Alzheimer’s and Parkinson’s (Schafer & Buetner, 2001; 

Pocernich & Butterfield, 2010; Carroll et al., 2016; Bratt et al., 2016). In addition to scavenging 

ROS, GSH can form a complex with cadmium, which is thought to be an initial step in cellular 

detoxification of cadmium exposure (Fauchon et al., 2002; Mah & Jalilehvand, 2010). Treatment 

of cells with buthionine sulfoxomine (BSO), an inhibitor of γ-glutamylcysteine synthetase, 

which is involved in glutathione synthesis, has been shown to lower intracellular levels of GSH 

(Griffith, 1982; Galan et al., 2001; Schafer & Buetner, 2001). Glutathione depletion by BSO 

pretreatment was found to enhance alpha-crystallin, HSP27 and HSP70 accumulation in rat 

glioma cells treated with sodium arsenite (Ito et al., 1998). Furthermore, human promonocytic 

cells and amniotic cells pretreated with BSO and a low concentration of cadmium resulted in 

enhanced HSP70 expression, suggesting glutathione depletion resulted in an increase in 

cadmium-sensitivity (Abe et al., 1994; Galan et al., 2001).  

Cadmium-induced oxidative stress has also been reported to impede the ubiquitination of 

NRF2, enabling transcription of the heme oxygenase-1 (ho-1) gene (Alam et al., 2000). 

Cadmium-induced HO-1 accumulation has been characterized in a variety of cell types, 

including mammalian and Xenopus laevis A6 cells (Masuya et al., 1998; Alam et al., 2000; 

Miyamoto et al., 2009; Music et al., 2014). Cadmium was also reported to impair the UPS in 

both mammalian and Xenopus model systems, which resulted in the formation of aggresomes (Li 

et al., 2008; Song et al., 2008; Yu et al., 2011; Brunt et al., 2012; Khan et al., 2015). 
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1.10. Xenopus laevis A6 kidney epithelial cells as a model system 

Xenopus laevis is an aquatic African clawed frog that has been extensively used in the 

study of vertebrate embryology and development, cell biology, neurobiology and toxicology. 

Our basic knowledge about transcriptional and translational processes in eukaryotes has been 

greatly aided by work with Xenopus (Wheeler & Brandi, 2009; Heikkila, 2010). Furthermore, the 

findings obtained are generally applicable to human. In 1968, Rafferty isolated several cell lines 

from Xenopus laevis, one of which was the A6 cell line from the renal proximal tubules of adult 

male Xenopus laevis (Rafferty, 1968). A6 cells are well-characterized, hardy, fast growing and 

ideal for immunocytochemistry (Rafferty, 1975; Heikkila, 2010). A variety of research studies in 

molecular biology and cell physiology have used A6 cells, which includes the examination of the 

toxicity of copper oxide nanoparticles, optimization of gene delivery methods, characterizing the 

type I interferon response, analyzing the function of peroxisomes and studying the regulation of 

sodium channels (Ramirez-Gordillo et al., 2011; Grayfer et al., 2014; Fox et al., 2014; Thilt et 

al., 2015; Wang et al., 2015). For instance, the knockdown of peroxisomal biogenesis factor 11 β 

(PEX11β) by morpholino was reported to reduce the number of peroxisomes and the 

accumulation of proteins associated with peroxisome formation (Fox et al., 2014). They have 

also been extensively used to characterize stress-inducible and constitutive expression of hsp 

gene expression (Heikkila, 2010). 

 

1.11. Research objectives 

The toxicity of cadmium is a concern for human and animal health near cadmium-emitting 

industry (Mason et al., 2000; Audry et al., 2004; Arnason et al., 2003; Brumbaugh et al., 2005; 
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WHO, 2008; Nordberg, 2009). Since cadmium contamination can be found in freshwater 

habitats, amphibians may be susceptible to its deleterious effects (Waisberg, 2003). The effect of 

cadmium on the expression and function of amphibian stress protein genes may contribute to an 

improved understanding of the cellular effects of this toxicant. The present study will examine 

the effect of cadmium on BiP gene expression in Xenopus laevis A6 kidney epithelial cells.  

 

The following is the list of the primary objectives for my Master’s thesis research using the 

Xenopus laevis A6 kidney epithelial cell line: 

 

1) To examine the effect of cadmium chloride on the relative levels of BiP by immunoblot 

and immunocytochemistry.  

2) To examine the possible association of aggregated protein with large perinuclear BiP 

structures in cadmium chloride-treated cells using immunocytochemistry. 

3) To examine the effect of buthionine sulfoximine, a glutathione synthesis inhibitor, on the 

relative levels of cadmium chloride-induced BiP accumulation and induction of putative 

BiP/aggregated protein complexes.  

4) To examine the effect of an elevated temperature of 30 oC on cadmium chloride-induced 

BiP accumulation and the formation of putative BiP/aggregated protein complexes. 
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2.0 Materials and Methods 

2.1 Amino acid sequence alignment and phylogenetic analysis 

 The X. laevis BiP amino acid sequence (Genbank accession no. AAB41582.1) was 

derived from bip cDNA that was originally isolated by Miskovic et al. (1997). A pairwise 

sequence alignment was performed between X. laevis BiP and H. sapiens BiP using the 

EMBOSS needle program with a BLOSUM90 matrix using the default parameters. Furthermore, 

the X. laevis BiP amino acid sequence was aligned with BiP from H. sapiens, R. norvegicus, P. 

bivattatus, A. carolinensis, G. gallus, H. leucocephalus, F. heteroclitus, P. mexicana using the 

sequence alignment program of Clustal Omega (Version O.2.1; Sievers et al., 2011).  For 

phylogenetic analysis, representative BiP and BiP amino acid sequences obtained from 

amphibians, reptiles, mammals and fish were aligned using ClustalW. A neighbour-joining tree 

was generated in MEGA 7.0.14 based on the neighbor-joining method created by Saitou & Nei 

(1987). A maximum-likelihood tree was constructed using a Jones-Taylor-Thornton model with 

MEGA 7.0.14 (Jones et al., 1992; Kumar et al., 2016). The tree was rooted with C. elegans 

HSC70. The reliability of the tree was estimated by bootstrapping with 1000 replicates.  

 The upstream regulatory region of X. laevis (J-strain, V9.1) and X. tropicalis bip genes 

were obtained from Xenbase (http://www.xenbase.org/, RRID:SCR_003280; Karpink at al., 

2015).  The upstream regulatory region for H. sapiens was obtained from NCBI (Genbank 

accession no. X59969). A multiple sequence alignment was performed using the Clustal Omega 

program version 1.2.2 provided by the European Molecular Biology Laboratory - European 

Bioinformatics Institute (EMBL-EBI; McWilliam et al., 2013). 

Maintenance and treatment of Xenopus laevis A6 kidney epithelial cells 
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 Xenopus laevis A6 kidney epithelial cells (CCL-102) were purchased from American 

Type Culture Collection (Rockville, MD, USA) and grown at 22 °C in T-75 cm2 BD Falcon 

tissue culture flasks (VWR, Mississauga, ON) as described previously (Khamis et al., 2013; 

Khan and Heikkila, 2014). Briefly, cells were maintained with 70% Leibovitz (L)-15 media 

supplemented with 10% (v/v) fetal bovine serum (FBS) and 100 U/mL penicillin and 100 µg/mL 

streptomycin (all from Sigma-Aldrich, Oakville, ON, Canada). When cells reached confluency, 

they were washed with 1 mL versene [0.02% (w/v) KCl, 0.8% (w/v) NaCl, 0.02% KH2PO4, 

0.115% (w/v) NaHPO4, 0.02% (w/v) Na2EDTA], followed by 2 mL of versene. The cells were 

then treated with 1 mL of 1x trypsin (Sigma-Aldrich) in Hank’s balance salt Solution (HBSS) for 

1 min before resuspending cells in new flasks with fresh media. When cells reached 90% 

confluency, treatments were administered. A6 cells were treated with 25, 50, 100, 200 or 400 µM 

cadmium chloride (Sigma-Aldrich) prepared from a 100 mM stock solution made with sterile 

water. In cadmium chloride time course experiments, cells were exposed to 200 µM cadmium 

chloride for 4, 8, 12, 16 or 24 h. In recovery experiments, cells were treated with 200 µM 

cadmium chloride for 8 h followed by 3 rinses with Hank's balanced salt solution before adding 

fresh media. MG132 (carbobenzoxy-L-leucyl-L-leucinal; Sigma-Aldrich) was dissolved in 

dimethylsulphoxide (DMSO; Sigma-Aldrich) and kept in 5 mg/mL stock solutions before 

treatment of cells with 30 µM MG132. In some experiments, flasks were incubated at 30 °C in a 

water bath for 5 h in the absence or presence of 100 µM cadmium chloride. In actinomycin D 

(Sigma-Aldrich) experiments, cells were pretreated for 30 min before washing three times with 

HBSS and adding media with or without cadmium chloride. In cycloheximide (Sigma-Aldrich) 

experiments, cells were pretreated with 100 µM cycloheximide for 6 h before washing three 

times with HBSS and adding media with or without cadmium chloride. Tunicamycin (Sigma-
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Aldrich) in DMSO at 50 mM was given to cells at 2 µg/mL. A23187 (Sigma-Aldrich) in DMSO 

at 2 mM was given to cells at 7 µM. In experiments employing the glutathione depleting agent, 

DL-buthionine sulfoximine (BSO; Sigma-Aldrich), a 215 mM stock solution of was freshly 

prepared before each treatment by dissolving it in sterile water. Cells were treated with 10 mM 

BSO for 4 h before cadmium chloride treatment. The concentration of BSO employed was 

previously used to reduce glutathione level in X. laevis oocytes (Kannan et al., 1996, Kannan et 

al., 1998). At the end of the various treatments, A6 cells were harvested and stored at -80 °C. 

Protein isolation and quantification  

 Total protein isolation from A6 cells was performed as described by Young et al. (2009). 

Briefly, cells were lysed with 300 µL of lysis buffer containing homogenization buffer (200 mM 

sucrose, 2 mM EGTA, 1 mM EDTA, 40 mM NaCl, 30 mM HEPES, pH 7.4), 1% (v/v) protease 

inhibitor cocktail (Promega, Madison, WI) and 1% (v/v) SDS. The cells were then sonicated on 

ice using a Fisher Scientific Model 100 (Waltham, MA, USA) with an output of 10 mW. Cell 

debris was removed from soluble protein by centrifugation at 14,000 rpm for 1 h at 4°C. The 

bicinchonic acid (BCA) protein assay was used to determine protein concentration as per the 

manufacturer’s instructions (Pierce, Rockford, IL). Bovine serum albumin (BSA) was used as a 

protein standard by diluting it in ultrapure Milli-Q water to concentrations ranging from 0 to 2 

mg/mL. Protein samples were diluted 1:2 in ultrapure Milli-Q water. BSA standards and protein 

samples in 10 µL volumes were loaded into a 96-well polystyrene plate in triplicate. Eighty µL 

of BCA reagent A and B (Pierce) was added to each standard and protein samples and the plate 

was incubated at 37 °C for 30 min. The plate was read at 562 nm using a Versameax Tunable 

microplate reader (Molecular Devices, Sunnyvale, CA, USA) and Softmax Pro software. The 
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BSA protein standards were used to generate a standard curve, which was used to determine the 

concentration of the protein samples.  

Immunoblot analysis 

 Twenty µg of protein was loaded onto 12% sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels. Separating gels [12% (w/v) acrylamide, 0.32% (v/v) n’n’-

bismethylene acrylamide, 0.375 M Tris pH 8.8, 1% (w/v) SDS, 0.2% (w/v) ammonium 

persulfate (APS), 0.14% (v/v) tetramethylenediamine (TEMED)] were prepared and allowed to 

polymerize for 25 min after 100% ethanol was layered on top of the gel. After the separating gel 

solidified, the ethanol was removed and the stacking gel [4% (v/v) acrylamide, 0.11% (v/v) n’n’-

bismethylene acrylamide, 0.125 M Tris pH 6.8, 1% (w/v) SDS, 0.4% (w/v) APS, 0.21% 

TEMED] was added, followed by the insertion of combs to create lanes in each stacking gel and 

then allowed to polymerize. Protein samples (20 µg) were added to loading buffer [0.0625 M 

Tris pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 5% (v/v) β- mercaptoethanol, 0.00125% (w/v) 

bromophenol blue]. Samples were then boiled for 10 min, briefly cooled and loaded onto the 

SDS-PAGE gel. SDS-PAGE gels were electrophoresed using a BioRad Mini Protean III gel 

system (BioRad, Mississauga, ON) in 1x running buffer [25 mM Tris, 0.2 M glycine, 1 mM 

SDS] at 90 V until samples reached the separating gel at which point the voltage was increased 

to 160 V. Once electrophoresis was completed, the stacking gel was removed and the separating 

gel was soaked in transfer buffer [25 mM Tris, 192 mM glycine, 10% (v/v) methanol] for 15 

min. Protein was transferred onto a nitrocellulose membrane, which had been soaked in transfer 

buffer for 30 min, using a BioRad Semi-Dry Transfer cell at 20 volts for 25 min. The 

nitrocellulose membrane was then incubated in Ponceau S stain [0.19% (w/v) Ponceau-S, 5% 

(v/v) acetic acid] for 10 min to determine protein transfer efficiency. The blots were rinsed with 
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distilled water and then blocked for 1 h in blocking solution containing 5% skim milk 

(Carnation, Markham, ON), Tris-buffered saline solution [20 mM Tris, 300 mM NaCl, pH 7.5], 

and 0.1% Tween-20 (Sigma-Aldrich). Immunodetection involved the incubation of the 

membranes with either polyclonal rabbit anti-human BiP antibody (1:500; Sigma-Aldrich; 

catalog no. G9043), polyclonal rabbit anti-human HO-1 antibody (1:500; Enzo Life Sciences, 

Farminghale, NY), polyclonal rabbit anti-Xenopus HSP70 (1:350; Gauley et al., 2008; Abgent, 

San Diego, CA, USA) or polyclonal rabbit anti-actin (1:200; Sigma-Aldrich). The immunogen to 

produce the anti-BiP antibody was from a synthetic human BiP protein (amino acids 71-91), 

which sequence is identical to the comparable site in X. laevis BiP. The membranes were washed 

three times with Tris-buffered saline solution with 0.1% Tween-20 (TBS-T) and then incubated 

with alkaline phosphatase conjugated goat anti-rabbit antibody (1:2000; BioRad) in blocking 

solution for 1 h. The membranes were then washed three times with TBS-T before incubating in 

detection solution [100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.3% nitro blue 

tetrazoleum; Roche, Ayr, ON] and 0.17% 5-bromo-4-chloro-3-idolyl phosphate toluidine salt 

(Roche) until bands were visible. 

Densitometry 

 Densitometric analyses of the immunoblots in the range of linearity were performed 

using Image J software (Version 1.49; National Institute of Health), as previously performed by 

our laboratory (Khamis & Heikkila, 2013; Music et al., 2014; Khan et al., 2015). Band intensities 

for BiP, HSP70 and HO-1 were expressed as a percent of the maximum value for each sample. 

Standard error of the mean was included as error bars. Significance (p<0.05%) between control 

and treatment intensity was determined using one-way ANOVA and Tukey’s post-hoc test. 
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Immunocytochemical analysis and laser scanning confocal microscopy (LSCM) 

 Immunofluroescence analysis was carried out as previously described by our laboratory 

(Manwell & Heikkila, 2007; Khan et al., 2015). Cells were grown on base-washed glass 

coverslips that were flame-sterilized. Treatments were administered as previously mentioned. At 

the end of the treatment, coverslips were washed with phosphate buffered saline with magnesium 

and calcium (PBS; 1.37 M NaCl, 67 mM Na2HPO4, 26 mM KCl, 14.7 mM H2PO4, 1mM CaCl2, 

0.5 mM MgCl2, pH 7.4) twice for 2 min. Cells were fixed by adding 3.7% paraformaldehyde in 

PBS to the coverslips for 15 min. Coverslips were washed three times for 5 min with PBS before 

permeabilizing with 0.3% Triton X-100 (TX-100; Sigma-Aldrich) in PBS for 10 min. Coverslips 

were then washed with PBS three times for 2 min before 3.7% bovine serum albumin (BSA) in 

PBS was added for 1 h or overnight incubation at 4°C. They were then incubated with rabbit 

anti-BiP antibody (1:500; Sigma-Aldrich; catalog number: G9043) in 3% BSA for 1 h. This was 

followed by 3 washes of PBS. Addition of secondary antibodies included using anti-rabbit Alexa 

Fluor 488 (1:2000; Invitrogen Molecular Probes, Carlsbad, CA). To visualize the actin 

cytoskeleton, the cells were incubated with rhodamine tetramethylrhodamine-5-isothiocyanate 

phalloidin (TRITC; Invitrogen Molecular Probes) for 15 min at 1:100 in 3.7% BSA in the dark. 

The Proteostat aggresome detection kit (Enzo Life Sciences, Plymouth Meeting, PA) was used as 

per the manufacturer’s instructions. The coverslips were dried and mounted on glass slides with 

Vectashield mounting medium containing 4,6-diamindino-2-phenylindole (DAPI; Vector 

Laboratories Inc., Burlingame, CA) to stain nuclei. Nail polish was used to permanently attach 

coverslips to slides. The slides were then examined with a Zeiss 510 laser scanning confocal 

microscope mounted on axiovert 200 and ZEN 2009 software (Carl Zeiss Canada Ltd., 

Mississauga, ON). 
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3.0 Results 

3.1 Sequence analysis of X. laevis BiP 

Previously, our laboratory isolated an X. laevis bip cDNA (Genbank accession no. 

U55069.1) and analyzed the nucleotide and amino acid sequence (Miskovic et al., 1997). 

However, at that time there was a limited amount of bip gene sequence information 

available in Genbank. Thus, I have reassessed the X. laevis BiP amino acid sequence in 

light of available bip gene sequences from numerous other organisms and X. laevis bip 

gene regulatory sequences accessible as a result of the X. laevis genome sequencing 

project. A pairwise sequence alignment generated with a BLOSUM90 matrix suggested 

that X. laevis BiP (Genbank accession no. AAB41582.1) shared high amino acid sequence 

identity with Homo sapiens BiP (Genbank accession no. NP_005338.1) at key regions, 

such as the nucleotide-binding domain, a substrate-binding interface and a KDEL retention 

sequence (Fig. 5). However, the N-terminal ER signaling sequences did not share a high 

degree of identity.  

In the present study, amino acid sequence comparison analysis using the Genbank 

blastp software revealed that X. laevis BiP shared 98% sequence identity with X. tropicalis 

BiP (Table 1). In addition, X. laevis BiP shared high amino acid sequence identity with BiP 

orthologs in reptiles (e.g. Python bivattatus [91%], Anolis carolinensis [90%]), mammals 

(e.g. Homo sapiens [93%], Rattus norvegicus [93%]), birds [Gallus gallus [93%], 

Haliaeetus leucocephalus [93%]), and fish (e.g. Fundulus heteroclitus [93%], Poeciliopsis 

mexicana [91%]). Finally, X. laevis BiP shared less amino acid sequence identity with X. 

laevis HSP70 family members including HSP70 (63%) and HSC70 (62%) than with BiP 

orthologs from other classes of vertebrates.  A phylogenetic tree generated in MEGA 7.0  
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Figure 5. Pairwise sequence alignment of X. laevis and H. sapiens BiP. The amino acid 

sequences of X. laevis (Genbank accession no. AAB41582.1) and H. sapiens BiP 

(Genbank accession no. NP_005338.1) were aligned using the EMBOSS needle program 

with a BLOSUM90 matrix using the following parameters: gap open penalty = 10, gap 

open extend penalty = 0.5, end gap penalty = false, open gap penalty = 10 and the end gap 

penalty extend = 10.	Colons represent conservative amino acid substitutions and periods 

represent semi-conservative substitutions. Deletions are indicated by dashes in the amino 

acid sequence.	The various protein domains and key sequences were based on annotations 

available for H. sapiens BiP (accession No. NP_005338.1). The ER-directing signal 

sequence and the KDEL retention sequence are indicated.  Black lines shown above and 

below the two BiP sequences indicate the predicted substrate-binding interface. The 

nucleotide-binding domain is highlighted in gray.  
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Table	I.	

		

A	comparison	of	BiP	with	other	BiP	and	HSP70	amino	acid	sequences	

_______________________________________________________________________________________																

Percent	identity	with	Xenopus	laevis	BiP	(AAB41582.1)									 														(%)	

________________________________________________________________________________________		

X.	laevis	BiP	isoform	(NP_001081462.1)	 	 	 															 		97	

X.	tropicalis	BiP	(XP_002941690.1)		 	 	 	 	 		98	

P.	bivittatus	BiP	(XP_007420669.1)		 	 	 	 	 			91	

A.	carolensis	BiP	(XP_003230508.1)	 	 	 	 	 			90	

H.	sapiens	BiP	(NP_005338.1)	 	 	 	 	 	 			93	

R.	norvegicus	BiP	(NP_037215.1)	 	 	 	 	 	 			93	

P.	mexicana	BiP	(XP_014856432.1)		 	 	 	 		 			91	

F.	heteroclitus	BiP	(XP_012729972.1)	 	 		 	 	 			90	

G.	gallus	BiP	(NP_990822.1)		 	 	 	 	 	 			93	

H.	leucocephalus	BiP	(NP_001094428.1)	 	 	 	 					 			93	

X.	laevis	HSP70	(NP_001121147.1)		 	 	 	 	 			63	

X.	laevis	HSC70.I	(AAB97092)	 	 	 	 	 	 			62	

	

An	amino	acid	sequence	comparison	of	X.	laevis	BiP	with	BiP	from	amphibian,	reptile,	fish,	

bird,	mammalian	and	other	members	of	the	HSP70	family	from	X.	laevis.	Genbank	accession	

numbers	are	indicated	within	the	brackets.	
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(Kumar et al., 2016) that was constructed using the neighbor-joining method created by Saitou 

and Nei (1987) revealed that X. laevis and X. tropicalis BiP grouped more closely with reptilian, 

avian and mammalian BiP than with fish BiP (Fig. 6). A more robust clustering method called 

maximum-likelihood, based on the Jones-Taylor-Thornton matrix-based model (Jones et al., 

1992), gave comparable results (Fig. 7). 	

The availability of the X. laevis genomic sequence (Xenbase version 9.1) allowed 

an examination of the upstream promoter region of the bip gene (Karpinka et al., 2015). 

Previous studies that examined the upstream regulatory region of the H. sapiens bip gene 

identified CAAT sites, a TATA box and endoplasmic reticulum stress elements (ERSEs; 

Yoshida et al., 1998; Kokame et al., 2001; Misiewicz et al., 2013). The consensus 

sequences for three CAAT sites, a TATA box and two ERSEs were located in the upstream 

region of the X. laevis bip gene (Fig. 8). Multiple sequence alignment of a section of the 

promoter region of bip genes from X. laevis, X. tropicalis and H. sapiens demonstrated the 

presence of conserved regulatory elements, namely two CAAT sites and two ERSEs (Fig. 

9). The third putative CAAT site from the upstream regulatory region of the X. laevis bip 

gene did not align with a CAAT site from H. sapiens or the X. tropicalis bip gene (data not 

shown).  

 

3.2 Accumulation of BiP in A6 cells treated with cadmium chloride, tunicamycin, 

A23187, or the proteasomal inhibitor, MG132 

Previous studies in our laboratory characterized the expression of the bip gene in 

Xenopus A6 cells and demonstrated that this gene was upregulated in response to the N-

linked glycosylation inhibitor, tunicamycin, the calcium ionophore, A23187, or the  
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Figure 6. Evolutionary relationships of vertebrate BiP amino acid sequences using the 

neighbour-joining method.  Sequences were aligned using the ClustalW program and the 

phylogenetic tree was generated with the computer program MEGA7 using the neighbour-

joining method of Saitou and Nei (1987). The percentage of replicate trees in which the 

associated taxa are clustered together in the bootstrap test (1000 replicates) are shown next to the 

branches (Felsenstein, 1985). The tree was drawn to scale with branch lengths in the same unit as 

those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary 

distances in the units of the number of amino acid substitutions per site were computed using the 

Poisson correction method. The phylogenetic tree was rooted with C. elegans HSP70. The 

Genbank accession numbers of the different proteins are listed in Materials and methods. 
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Figure 7. Phylogenetic analysis of vertebrate BiP amino acid sequences using maximum-

likelihood analysis. The phylogenetic tree was constructed using the maximum-likelihood 

method based on the Jones-Taylor-Thornton matrix-based model of translated amino acid 

sequences (Jones et al., 1992). The percentage of trees in which the associated taxa clustered 

together is shown next to the branches. The number of bootstrap replications was 1000. The tree 

is drawn to scale with branch lengths measured in the number of substitutions per site. 

Evolutionary analyses were conducted in MEGA7 and rooted with C. elegans HSP70. The 

Genbank accession numbers of the different proteins are listed in Materials and methods. 
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Figure 8. Putative cis-acting elements in the upstream regulatory region of the X. laevis bip 

gene. The upstream DNA sequence was obtained from V9.1 of the Xenopus laevis genome 

available from Xenbase (Karpinka et al., 2015). The transcribed nucleotide sequence is shown in 

capital letters while the transcriptional start site is indicated by +1. CAAT sites, TATA box and 

endoplasmic reticulum stress element (ERSE) consensus sequences are indicated by black lines. 

Consensus sequences for ERSE were obtained from mammalian studies (Yoshida et al., 1998; 

Kokame et al., 2001; Misiewicz et al., 2013). 
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Figure 9. Multiple sequence alignment of the promoter region of bip genes from X. laevis, 

X. tropicalis and H. sapiens. The upstream regions were aligned using the Clustal Omega 

program. Asterisks under the sequences indicate identical nucleotides while putative cis-acting 

elements are designated by black lines. Distances from the transcriptional start sites are indicated 

on the right side of the sequences. Consensus sequence for ERSE was obtained from mammalian 

studies (Yoshida et al., 1998; Kokame et al., 2001; Misiewicz et al., 2013). Sequences for X. 

laevis (Xenbase ID: XB-GENE-865337) and X. tropicalis (Xenbase ID: XB-GENE-480060) are 

available in the Xenbase genome browser. The nucleotide sequence for the H. sapiens regulatory 

region was obtained from NCBI (accession no. X59969). 
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proteasomal inhibitor, MG132 (Winning et al., 1989; Miskovic et al., 1997; Khan et al., 2012). 

Consistent with the previous studies, immunoblot analyses revealed an increase in the relative 

levels of BiP accumulation in A6 cells treated with 2 µg/mL tunicamycin or 7 µM A23187 for 14 

h compared to control cells maintained at 22 °C (Fig. 10A). Additionally, treatment of A6 cells 

with 200 µM cadmium chloride for 14 h also induced BiP accumulation. Densitometric analysis 

determined that BiP accumulation increased by 2.5-fold in cadmium chloride-treated cells 

compared to control cells (Fig 10B). In comparison, treatment of A6 cells with tunicamycin and 

A23187 caused a 1.4- and 1.6-fold increase, respectively, compared to control. Examples of the 

time course of BiP accumulation in response to A23187 or MG132 in A6 cells are shown in 

Figure 11. Both A23187 and MG132 induced the accumulation of BiP in a time-dependent 

fashion with peak levels after 24 h of treatment.  

 

3.3 Cadmium chloride-induced BiP accumulation in A6 cells is concentration- and 

time-dependent    

 An initial characterization of the effect of cadmium chloride on BiP accumulation 

in A6 cells involved an examination of the effect of different concentrations and exposure 

times. For comparison, the effect of cadmium chloride on the accumulation of other 

previously characterized stress proteins, including HSP70, HO-1 and a representative 

constitutive protein, actin, was examined (Woolfson & Heikkila, 2009; Khamis & 

Heikkila, 2013; Music et al., 2014). The concentration-dependent effect of cadmium 

chloride (25 to 400 µM for 14 h) on BiP, HSP70 and HO-1 accumulation by means of 

immunoblot analysis is shown in Figure 12. Densitometric analysis determined that 

cadmium chloride-induced BiP accumulation was detectable at 100 µM and maximal at  
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Figure 10. Accumulation of BiP in A6 cells treated with cadmium chloride, tunicamycin or 

A23187. A) Cells were incubated at 22 °C for 14 h (C) or treated with either 200 µM cadmium 

chloride, 2 µg/mL tunicamycin or 7 µM A23187 for 14 h. Immunoblot analyses employing anti-

BiP, anti-HSP70 or anti-actin antibodies were performed as described in the Materials and 

methods. B) Densitometric analysis of BiP and HSP70 accumulation was carried out as detailed 

in Materials and methods. The results were expressed as % mean relative density. The error bars 

indicate standard error of the mean. The significance (p <0.05) relative to control was determined 

by the one-way ANOVA test and Tukey's post-hoc test and represented by an asterisk. The 

results were obtained from 3 separate experiments. 
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Figure 11. Time-course of BiP accumulation in A6 cells treated with MG132 or A23187. A) 

Cells were incubated at 22 °C for 24 h (C) or treated with 7 µM A23187 for 4, 8 12, 16 or 24 h. 

B) Cells were incubated at 22 °C for 24 h (C) or treated with 30 µM MG132 for 4, 8 12, 16 or 24 

h.  Immunoblot analyses with anti-BiP, anti-HSP70 or anti-actin antibodies were performed as 

described in the Materials and methods. These results are representative of 2 separate 

experiments. 
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Figure 12. Effect of different cadmium chloride concentrations on BiP accumulation in A6 

cells. Cells were incubated for 14 h at 22 °C or treated with 25, 50, 100, 200 or 400 µM cadmium 

chloride for 14 h at 22 °C. A) Immunoblot analysis was performed as stated in the Materials and 

methods employing anti-BiP, anti-HSP70, anti-HO-1 or anti-actin antibodies. B) Densitometric 

analysis of BiP (black), HSP70 (white), and HO-1 (grey) accumulation. The results were 

expressed as % mean relative density. The error bars indicate standard error of the mean. The 

significance (p <0.05) relative to control was determined by the one-way ANOVA test and 

Tukey's post-hoc test and represented by an asterisk. These results were obtained from 3 separate 

experiments 
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200 µM whereas increasing the concentration to 400 µM resulted in a reduction of 25% 

from the peak level (Figure 12B). HSP70 accumulation was first detectable at 100 µM 

cadmium chloride followed by a relatively large increase with 200 µM and then a slight 

decrease with 400 µM. Enhanced HO-1 accumulation relative to control was detected in 

cells treated with 25 µM cadmium chloride, reached peak levels at 100-200 µM and then 

decreased at 400 µM. In time course experiments, A6 cells were treated with 200 µM 

cadmium chloride for 4, 8, 12, 16 and 24 h at 22°C (Fig. 13). Immunoblot and 

densitometric analyses revealed a time-dependent increase in cadmium chloride-induced 

BiP, HSP70 and HO-1 accumulation. For example, the relative level of BiP increased by 

1.5-fold and 2-fold at 12 and 24 h, respectively, compared to control. Relative levels of 

HSP70 increased by 24-fold after 8 h of cadmium chloride exposure with further increases 

from 12 (43-fold) to 24 h (53-fold). The levels of HO-1 increased by 82-fold at 8 h relative 

to control followed by 146-fold at 12 h and 200-fold at 24 h. In both cadmium chloride 

concentration and time course studies the relative level of actin remained relatively 

constant. 

 

3.4 Effect of transcriptional and translational inhibitors on cadmium-induced BiP 

accumulation  

Cadmium chloride-induced BiP accumulation in A6 cells appears to involve de 

novo transcription and translation. Pretreatment of cells with 2 µg/mL actinomycin D 

inhibited the 200 µM cadmium chloride-induced accumulation of BiP and HSP70 to 

control levels (Fig. 14). Furthermore, pretreatment of A6 cells with 100 µM  
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Figure 13. Time course of cadmium chloride-induced BiP accumulation in A6 cells. Cells 

were incubated in media alone at 22 °C for 24 h (C) or in media supplemented with 200 µM 

cadmium chloride for 4, 8, 12, 16, 24 h at 22 °C. A) Immunoblot analysis was performed as 

stated in Materials and methods employing anti-BiP, anti-HSP70, anti-HO-1 or anti-actin 

antibodies. B) Densitometric analysis BiP (black), HSP70 (white) and HO-1 (grey) 

accumulation. The results were expressed as % mean relative density. The error bars indicate 

standard error of the mean. The significance (p <0.05) relative to control was determined by the 

one-way ANOVA test and Tukey’s post-hoc test represented by an asterisk. These results were 

obtained from 3 separate experiments. 
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Figure 14. Accumulation of cadmium chloride-induced BiP in cells pretreated with 

the transcriptional inhibitor actinomycin D. Cells were incubated at 22 °C with media 

(control) or pretreated with 2 µg/mL actinomycin D (Act. D) for 30 min. Cells were then 

treated with 200 µM cadmium chloride for 14 h at 22 °C. A) Immunoblot analysis was 

performed as stated in the Materials and methods section with anti-BiP, anti-HSP70 or 

anti-actin antibodies. B) Densitometric analysis of BiP (black) and HSP70 (white). The 

results were expressed as % mean relative density. The error bars indicate standard error of 

the mean. The significance (p <0.05) relative to control was determined by the one-way 

ANOVA test and Tukey’s post-hoc test represented by an asterisk. These results are 

representative of at least 3 separate experiments 
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cycloheximide, an inhibitor of protein synthesis, prevented 200 µM cadmium chloride-

induced BiP and HSP70 accumulation (Fig. 15). 

 

3.5 BiP accumulation in cells recovering from cadmium chloride 

In previous studies, Woolfson and Heikkila (2009) reported that treatment of A6 

cells with cadmium chloride for 8 h followed by recovery in fresh media resulted in a 

transient increase in HSP70 and HSP30 during the initial recovery period. In the present 

study, the effect of this cadmium chloride treatment protocol was employed to examine its 

effect on BiP accumulation. Thus, A6 cells were treated with 200 µM cadmium chloride 

for 8 h prior to recovery in fresh L-15 media. As shown in Figure 16, the levels of BiP 

increased 1.4-fold in A6 cells given 12 h of recovery compared to cells exposed to 

cadmium chloride with no recovery. After 24 h of recovery, the relative levels of BiP 

dropped slightly to 1.3-fold compared to no recovery followed by a further decrease to 1.1-

fold after 48 and 72 h. The relative levels of HSP70 increased 1.5-fold after 12 h of 

recovery compared to no recovery with a drop to 1.3-fold after 24 h followed by further 

decreases at 48 h and 72 h. The relative levels of HO-1 increased 1.5-fold at 12 h and 2.3-

fold at 24 h compared to cells with no recovery, followed by a 1.9-fold increase after 48 h 

and a 1.5-fold increase at 72 h. In this experiment, the levels of actin remained relatively 

constant. 

 

3.6 Localization of BiP in A6 cells treated with cadmium chloride  

Immunocytochemistry and laser scanning confocal microscopy (LSCM) were 

employed to examine the effect of cadmium chloride on BiP localization in A6 cells. Cells  
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Figure 15. Accumulation of cadmium chloride-induced BiP in cells treated with the 

translational inhibitor cycloheximide (CHX). Cells were incubated at 22 °C with media 

(control) or pre-treated with 100 µM CHX for 6 h. Cells were then treated with 200 µM 

cadmium chloride for 14 h at 22 °C. A) Immunoblot analysis was performed as stated in the 

Materials and methods section with anti-BiP, anti-HSP70 or anti-actin antibodies. B) 

Densitometric analysis of BiP (black) and HSP70 (white). The results were expressed as % mean 

relative density. The error bars indicate standard error of the mean. The significance (p <0.05) 

relative to control was determined by the one-way ANOVA test and Tukey’s post-hoc test 

represented by an asterisk.  These results are representative of at least 3 separate experiments. 
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Figure 16. BiP accumulation in A6 cells recovering from an 8 h 200 µM cadmium chloride 

treatment. Cells were incubated at 22 °C with media (C) or treated with media that included 200 

µM cadmium chloride at 22 °C for 8 h. Cells were washed 3 times with HBSS and then allowed 

to recover in media for 0, 12, 24, 48 or 72 h. A) Immunoblot analysis was performed as stated in 

the Materials and methods section with anti-BiP, anti-HSP70, anti-HO-1 or anti-actin antibodies. 

B) Densitometric analysis of BiP (black), HSP70 (white) and HO-1 (grey) accumulation. The 

results were expressed as % mean relative density. The error bars indicate standard error of the 

mean. The significance (p <0.05) relative to control was determined by the one-way ANOVA 

test and Tukey’s post-hoc test represented by an asterisk. These results were obtained from 3 

separate experiments. 
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were grown on coverslips and maintained at 22 °C or treated with 100 or 200 µM cadmium 

chloride for 12 h. In control cells, BiP accumulation was detected in a punctate pattern in 

the perinuclear region (Fig. 17). However, treatment of cells with 100 µM cadmium 

chloride enriched the accumulation of BiP near the nucleus. A further enhancement was 

observed when cells were exposed to 200 µM cadmium chloride. In addition, relatively 

large anti-BiP antibody staining structures, approximately 2 µM in diameter (Fig. 17, 

indicated by white arrows), were observed near the nucleus in approximately 10% of cells 

treated with 200 µM cadmium chloride. Examination of the actin cytoskeleton revealed 

slight disorganization and membrane ruffling in cells treated with 100 µM cadmium 

chloride, which was more intense at 200 µM (indicated by asterisks). 

 

3.7 Co-localization of large perinuclear structures with anti-BiP antibody and 

Proteostat dye in A6 cells exposed to cadmium chloride or MG132 

Since BiP is a molecular chaperone that binds to unfolded protein in the ER, it was 

possible that the relatively large anti-BiP antibody staining structures, observed in Figure 

17, may result from an association with aggregated protein as described previously in both 

yeast and human embryonic kidney cells overexpressing mutant cystic fibrosis 

conductance regulator (CFTR) tagged protein and monkey kidney cells expressing mutant 

ubiquitin carboxy-terminal hydrolase-1 (UCH-L1; Kopito & Sitia, 2000; Huyer et al., 

2004; Ardley et al., 2004; Bagola & Sommer, 2008). Previously, our laboratory employed 

a Proteostat dye to detect the presence of aggregated protein and/or aggresome-like 

structures in A6 cells subjected to recovery from heat shock or to cadmium chloride, 

sodium arsenite or proteasomal inhibitor stress (Khan & Heikkila, 2014; Khan et al.,  
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Figure 17. Localization of BiP in cells treated with 100 or 200 µM cadmium chloride. 

Cells were maintained at 22 °C or treated with either 100 or 200 µM cadmium chloride for 

12 h at 22 °C. Actin and nuclei were stained with TRITC (red) and DAPI (blue), 

respectively. BiP was detected with anti-BiP antibody and the secondary antibody 

conjugate, Alexa Fluor 488 (green). The 20 µm white scale bars are indicated at the bottom 

right corner of each panel. Examples of disruptions found in the actin cytoskeleton are 

indicated by asterisks. White arrows point to examples of large anti-BiP antibody staining 

structure. These results are representative of at least 3 separate experiments. 
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2015). In the present study, control and 100 µM cadmium chloride-treated cells displayed a 

weak level of staining with the Proteostat dye (Fig. 18). However, treatment of cells with 

200 µM cadmium chloride induced the presence of relatively large Proteostat dye stained 

structures (approximately 1-2 µm in diameter) that co-localized with structures that were 

stained with the anti-BiP antibody in approximately 10% of cells. The association of the 

BiP structures with the Proteostat dye in the perinuclear region is shown more clearly in 

the bottom row of enlarged images, which reveal the presence of yellow/orange structures 

indicating the co-localization of BiP with the Proteostat dye (see white boxes in bottom 

row). Given that the proteasomal inhibitor, MG132, also induced BiP accumulation, a 

similar co-localization analysis was performed (Fig. 19). The treatment of cells with 

MG132 induced the accumulation of large and small granular Proteostat dye-stained 

structures in the perinuclear region in 90% of the cells. Some of the relatively large 

Proteostat dye-stained structures found in the perinuclear region were also detected with 

anti-BiP antibody and gave rise to yellow/orange structures in the merged image (see white 

arrows and boxes in the second and third rows, respectively). As shown in Figure 20, z-

stacking analysis of the cadmium- and MG132-induced Proteostat dye and anti-BiP 

antibody stained structures revealed the presence of co-localized staining (yellow/orange) 

in the center of the structure with varying amounts of aggregated protein (red) at the 

periphery.  

 

3.8 Comparison of the effect cadmium chloride has on BiP accumulation in cells 

maintained at 22 or 30 °C for 5 h.  
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Figure 18. Co-localization of Proteostat dye-stained structures with large BiP containing 

complexes in cadmium chloride-treated cells. Cells were grown on glass coverslips with L-15 

media at 22 °C. Cells were maintained at 22 °C (C) or treated with 200 µM cadmium for 12 h at 

22 °C. The Proteostat detection kit was used according to the manufacter’s instructions. Nuclei 

were stained with DAPI (blue). BiP was detected with anti-BiP antibody and secondary antibody 

conjugate, Alexa Fluor 488 (green). The 10 or 20 µm white scale bars are indicated at the bottom 

right corner of each panel. In the third row, the white arrows indicate examples of aggregated 

protein complexes detected by Proteostat dye, large anti-BiP antibody staining structures, and 

their co-localization in the merged panel. In the bottom row, enlarged images of the large 

Proteostat- and anti-BiP antibody-stained structures (a and b) are found in the upper left and right 

corners, respectively. These results are representative of at least 3 separate experiments. 
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Figure 19. Co-localization of Proteostat dye-stained structures with large BiP 

containing complexes in MG132-treated cells. Cells were grown on glass coverslips with 

L-15 media at 22 °C. Cells were maintained at 22 °C (C) or treated with 30 µM MG132 for 

12 h at 22 °C. The Proteostat detection kit to detect aggregated protein was used according 

to the manufacter’s instructions. Nuclei were stained with DAPI (blue). BiP was detected 

with anti-BiP antibody and the secondary antibody conjugate, Alexa Fluor 488 (green). 

The 10 or 20 µm white scale bars are indicated at the bottom right corner of each panel. 

White arrows and boxes indicate examples of protein aggregates detected by Proteostat dye 

and/or anti-BiP antibody staining. In the bottom row enlargments of the white boxes are 

shown in the top left corner of each panel. These results are representative of at least 3 

separate experiments. 
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Figure 20. Z-stacking analysis of BiP and Proteostat dye-stained complexes in cells treated 

with cadmium chloride or MG132. Cells were grown on glass coverslips with L-15 media at 

22 °C. Cells were maintained at 22 °C (C) or treated with either 200 µM cadmium chloride or 30 

µM MG132 for 12 h at 22 °C. The Proteostat detection kit was employed to detect aggregated 

protein. Nuclei were stained with DAPI (blue). BiP was detected with the anti-BiP antibody and 

the secondary antibody conjugate, Alexa Fluor 488 (green). The 10 µm white scale bars are 

indicated at the bottom right corner of each panel. Images A to D display merged images of 

Proteostat dye, anti-BiP antibody and DAPI with z-stack planes separated by 1 µm. White boxes 

indicate examples of large aggregated protein/BiP containing structures. Enlarged white boxes of 

these structures are shown in the top right corner of each panel. 
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Previously, our laboratory determined that elevation of the incubation temperature 

enhanced the extent of cadmium chloride-induced hsp70 gene expression in A6 cells 

(Woolfson & Heikkila, 2009). In the present study, the same protocol was used to examine 

the effect of 100 µM cadmium chloride at either 22 °C or 30 °C for 5 h on BiP 

accumulation in A6 cells. Immunoblot and densitometric analyses revealed that treatment 

of A6 cells with 100 µM cadmium chloride at 30 °C produced a 60% increase in BiP 

accumulation relative to cadmium chloride treatment at 22 °C or with 30°C alone (Figure 

21). Immunocytochemical analysis revealed similar patterns of BiP accumulation in cells 

maintained at 22 °C or 30 °C in addition to cells treated with cadmium chloride at 22 °C 

(Figure 22). BiP accumulation in cells treated with cadmium chloride at 30°C was enriched 

next to the nucleus and included the presence of relatively large anti-BiP staining 

structures, approximately 1-2 µM in diameter, in 10% of the cells. Examination of cells 

treated with cadmium chloride at 30 °C revealed increased actin cytoskeleton 

disorganization in cells compared to control or with individual stressors of either 30 °C or 

100 µM cadmium chloride. As shown in Figure 23, the relatively large anti-BiP staining 

structures induced by the combined stressors were also stained with the Proteostat dye and 

appeared yellow/orange in color in the merged image. Analysis of individual z-planes by 

confocal microscopy determined that these structures contained co-localized aggregated 

protein and BiP (red/orange) in its core as well as aggregated protein at the periphery (data 

not shown).  

 

3.9 DL-Buthionine sulfoximine enhances cadmium-induced BiP accumulation in A6 

cells 
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Figure 21. Comparison of BiP accumulation in cells subjected to cadmium chloride 

treatment at 22 or 30 °C. Cells were maintained in media at 22 °C or subjected to either a 

100 µM cadmium chloride treatment at 22 °C or 30 °C for 5 h. A) Immunoblot analysis 

performed as stated in the Materials and Methods section with anti-BiP, anti-HSP70 or 

anti-actin antibodies. These results are representative of at least 3 separate experiments. B) 

Densitometric analysis of BiP and HSP70 accumulation. The results were expressed as % 

mean relative density. The error bars indicate standard error of the mean. The significance 

(p <0.05) relative to control was determined by the one-way ANOVA test and Tukey's 

post-hoc test and represented by an asterisk. These results were obtained from 3 separate 

experiments. 
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Figure 22. Intracellular localization of BiP in A6 cells treated with 100 cadmium chloride at 

30 °C for 5 h. Cells were grown on glass coverslips with L-15 media at 22 °C. Cells were 

maintained at 22 °C or subjected to either a 100 µM cadmium chloride treatment at 22 °C or 30 

°C for 5 h. Actin and nuclei were stained with TRITC (red) and DAPI (blue), respectively. BiP 

was detected with anti-BiP antibody and the secondary antibody conjugate, Alexa Fluor 488 

(green). The 20 µm white scale bars are indicated at the bottom right corner of each panel. 

Examples of disruptions found in the actin cytoskeleton are indicated by asterisks. White arrows 

point to examples of large anti-BiP antibody staining structures. These results are representative 

of at least 2 separate experiments. 
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Figure 23. Co-localization of Proteostat dye with large BiP complexes in cells treated 

with 100 cadmium chloride at 30 °C for 5 h. Cells were grown on glass coverslips with 

L-15 media at 22 °C. Cells were maintained at 22 °C or subjected to either a 100 µM 

cadmium chloride treatment at 22 °C or 30 °C for 5 h. The Proteostat detection kit was 

employed to detect aggregated protein. Nuclei were stained with DAPI (blue). BiP was 

detected with anti-BiP antibody and the secondary antibody conjugate, Alexa Fluor 488 

(green). The 20 µm white scale bars are indicated at the bottom right corner of each panel. 

White arrows and boxes indicate examples of complexes detected by Proteostat dye, anti-

BiP antibody staining or both. In the bottom row, enlargements of the white boxes are 

located in the top left corner of the panels. These results are representative of at least 3 

separate experiments. 
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In the present study, the effect of DL-buthionine sulfoximine (BSO) on cadmium-

induced BiP accumulation was examined in A6 cells. BSO, a glutathione synthesis 

inhibitor, has been reported to deplete intracellular glutathione and enhance ROS in 

mammalian, fish and plant cell cultures (Reese & Wagner, 1987; Abe et al., 1994; Babich 

et al., 1993; Beyersemann & Hechtenberg, 1997; Galan et al., 2001; Abdelhamid & El-

kadi, 2015; Chen et al., 2015). Furthermore, previous studies demonstrated decreased 

levels of cytosolic glutathione in X. laevis oocytes and spermatogenic cells treated with 

BSO (Li et al., 1989; Kannan et al., 1996; Kannan et al., 1998; Tong et al., 2015). Since 

previous studies have indicated that cadmium chloride can also decrease levels of 

intracellular glutathione, it was hypothesized that ROS may enhance this effect leading to 

the unfolded protein response and increased BiP accumulation (Abe et al., 1994; 

Beyersemann & Hechtenberg, 1997; Galan et al., 2001; Liu et al., 2009; Chen et al., 2015). 

In the present study, A6 cells were pretreated with 10 mM BSO, a concentration of BSO 

previously used in studies examining glutathione uptake in X. laevis oocytes (Keenan et al., 

1996; Kannan et al., 1998), for 4 h before a co-treatment with 100 µM cadmium chloride 

for 16 h. As shown in Figure 24, cells treated with BSO plus cadmium had a 40% increase 

in BiP and a 42% increase in HSP70 accumulation compared to values found with cells 

treated with cadmium chloride alone. Immunocytochemical analysis revealed that 

treatment of A6 cells with BSO had a similar granular BiP staining pattern compared to 

control (Fig. 25). Treatment of cells with 100 µM cadmium chloride had a more intense 

anti-BiP antibody staining pattern in the perinuclear region compared to control. However, 

exposure of cells to both BSO and cadmium chloride displayed the presence of relatively  
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Figure 24. Enhanced accumulation of cadmium chloride-induced BiP in A6 cells treated 

with DL-buthionine-L-sulfoximine (BSO). Cells were incubated at 22 °C with media (C) or 

pre-treated with 10 mM BSO for 4 h before adding 100 µM cadmium chloride for 16 h. A) 

Immunoblot analysis performed as stated in the Materials and methods section with anti-BiP, 

anti-HSP70 or anti-actin antibodies. B) Densitometric analysis of BiP and HSP70 accumulation. 

The results were expressed as % mean relative density. The error bars indicate standard error of 

the mean. The significance (p <0.05) relative to control was determined by the one-way ANOVA 

test and Tukey's post-hoc test and represented by an asterisk. These results were obtained from 3 

separate experiments. 
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Figure 25. Localization of BiP in A6 cells subjected to simultaneous DL-buthionine-

sulfoximine and cadmium chloride treatment. Cells were grown on glass coverslips 

with L-15 media at 22 °C. Cells were maintained at 22 °C (C) or pretreated for 4 h with 10 

mM BSO before incubation with 100 µM cadmium chloride for 16 h at 22 °C. Actin and 

nuclei were stained with TRITC (red) and DAPI (blue), respectively. BiP was detected 

with anti-BiP antibody and the secondary antibody conjugate, Alexa Fluor 488 (green). 

The 20 µm white scale bars are indicated at the bottom right corner of each panel. 

Examples of disruptions found in the actin cytoskeleton are indicated by asterisks. 
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large BiP structures (approximately 1-2 µm in diameter) in approximately 8% of the cells. 

As shown in Figure 26, the large anti-BiP antibody staining structures co-localized with the 

Proteostat dye in cells treated with BSO and cadmium chloride, which revealed 

yellow/orange structures in the merged image (see white boxes in bottom row). A more 

detailed analysis of these structures revealed the presence of BiP in the core of these 

particles with aggregated protein components at the periphery similar to the 

BiP/aggregated protein structures observed in cells treated with 200 µM cadmium chloride, 

30 µM MG132 and 100 µM cadmium chloride at 30 °C (data not shown). Cells treated 

with both BSO and cadmium chloride displayed areas of actin cytoskeleton 

disorganization. Additional immunocytochemical experiments determined that treatment of 

cells with 150 µM cadmium chloride resulted in the formation of large anti-BiP antibody 

stained structures (Fig. 27). However, these structures were not observed in cells given 

BSO pretreatment prior to incubation with 150 µM cadmium chloride. An increase in actin 

disorganization was displayed in cells treated with 150 µM cadmium chloride, which was 

further enhanced in cells treated with both cadmium chloride and BSO. As shown in 

Figure 28, the large anti-BiP antibody staining structures observed in cells treated with 150 

µM cadmium chloride co-localized with the Proteostat dye stained aggregated protein (see 

white arrows). Finally, A6 cells incubated with 200 µM cadmium chloride plus BSO for 16 

h were not examined since the cells were unable to adhere to the glass coverslips during 

the treatment (data not shown).  
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Figure 26. Co-localization Proteostat dye-stained structures with large BiP containing 

complexes in cells treated with 100 µM cadmium chloride plus BSO. Cells were grown on 

glass coverslips with L-15 media at 22 °C. Cells were maintained at 22 °C (C) or pre-treated 

with or without 10 mM BSO for 4 h before adding media with and without 100 µM cadmium for 

16 h. The Proteostat detection kit to detect aggregated protein was used according to the 

manufacter’s instructions. Nuclei were stained with DAPI (blue). BiP was detected with the anti-

BiP antibody and the secondary antibody conjugate, Alexa Fluor 488 (green). The 20 µm white 

scale bars are indicated at the bottom right corner of each panel. White arrows and boxes indicate 

examples of large complexes detected by Proteostat dye, anti-BiP antibody staining or both. 

Enlargements of the white boxes are shown at top left corner of the panels in the bottom row. 

These results are representative of at least 3 separate experiments. 
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Figure 27. Intracellular localization of BiP in A6 cells treated with 150 µM cadmium 

chloride plus BSO. Cells were grown on glass coverslips with L-15 media at 22 °C. Cells were 

maintained at 22 °C (C) or pretreated for 4 h with 10 mM BSO before incubation with 150 µM 

cadmium chloride for 16 h at 22 °C. Actin and nuclei were stained with TRITC (red) and DAPI 

(blue), respectively. BiP was detected with anti-BiP antibody and the secondary antibody 

conjugate, Alexa Fluor 488 (green). The 20 µm white scale bars are indicated at the bottom right 

corner of each panel. Examples of disruptions found in the actin cytoskeleton are indicated by 

asterisks. White arrows point to examples of large BiP staining structures. These results are 

representative of a single experiment. 
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Figure 28. Effect of BSO on the formation of 150 µM cadmium chloride-induced BiP 

complexes and their detection with the Proteostat dye. Cells were grown on glass coverslips 

with L-15 media at 22 °C. Cells were maintained at 22 °C (C) or pre-treated with or without 10 

mM BSO for 4 h before adding media with and without 150 µM cadmium for 16 h. The 

Proteostat detection kit to detect aggregated protein was used according to the manufacter’s 

instructions. Nuclei were stained with DAPI (blue). BiP was detected with anti-BiP antibody and 

the secondary antibody conjugate, Alexa Fluor 488 (green). White arrows indicate examples of 

large complexes detected by Proteostat dye, anti-BiP antibody staining or both. The 20 µm white 

scale bars are indicated at the bottom right corner of each panel. These results are representative 

of at least 2 separate experiments. 
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4.0 Discussion 

The present study has characterized, for the first time in X. laevis, cadmium chloride-

induced accumulation of BiP. Initial studies compared the amino acid sequence of X. laevis BiP 

with newly available BiP sequence information from other vertebrates that were not available 

when the bip gene was originally isolated (Beggah et al., 1996; Miskovic et al., 1997). 

Alignment of the X. laevis BiP amino acid sequence with BiP proteins from various organisms 

indicated it had 98% identity with X. tropicalis BiP in addition to having more than 90% identity 

with BiP from selected mammals, birds, reptiles and fish. Interestingly, X. laevis BiP only shared 

63% and 62% identity with X. laevis HSP70 and HSC70, respectively. These findings support 

the results of previous studies that found higher conservation of BiP between species compared 

to BiP and HSP70 family members within the same organism (Haas, 1994; Miskovic et al., 1997; 

Quinones et al., 2008; Brocchieri et al., 2008). It was suggested that the bip gene diverged from 

other hsp70 genes with the appearance of the first eukaryotes (Nicholson et al., 1990; Brocchieri 

et al., 2008). 

 A pairwise sequence alignment of the BiP amino acid sequence from both X. laevis and 

H. sapiens indicated high identity in key regions, such as the nucleotide-binding domain, 

substrate-binding interface and the KDEL retention sequence. The pairwise sequence alignment 

suggested conservation of these regions in X. laevis BiP and H. sapiens BiP. It was reported that 

three amino acids of the nucleotide-binding domain of H. sapiens BiP were involved in ATPase 

activity, namely Thr-37, Glu-201 and Thr-229 (Gaut & Hendershot, 1993). These three amino 

acids were present in the X. laevis BiP amino acid sequence which suggested functional ATPase 

activity. A recent study with human BiP determined that the nucleotide-binding domain bound to 

the lumenal domains of IRE1 and PERK in vitro (Carrara et al., 2015). Given this finding, it is 
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possible that X. laevis BiP could also interact with the lumenal domain of X. laevis IRE1 and 

PERK given the high amino acid identity shared between the nucleotide-binding domain of 

X.laevis and H. sapiens BiP in addition to a high identity between X. laevis IRE1 (77%) and 

PERK (79%) with their H. sapiens homologs. The presence of a KDEL retention sequence in the 

C-terminal end of both X. laevis and H. sapiens BiP is also present in other lumenal ER proteins, 

such as GRP94 and protein disulfide isomerase (Pagny et al., 1999). Proteins containing a KDEL 

sequence are retrieved from post-ER compartments, such as the Golgi apparatus, via receptors on 

the ER (Haas, 1994; Pagny et al., 1999; Young et al., 2013).  

Phylogenetic analysis revealed that X. laevis BiP grouped more closely with BiP from 

reptiles, birds and mammals compared to fish. These results are consistent with findings of 

Brocchieri et al. (2008) in their phylogenetic analysis of BiP from a variety of different 

organisms. This latter study also determined that during evolution there was an early separation 

of fish from amphibians, mammals and birds. The separation of fish from tetrapod vertebrates is 

consistent with the hypothesis that tetrapod vertebrates and fish shared a common ancestor, the 

lobe-finned fish, at the start of the Devonian period approximately 390 million years ago 

(Daeschler et al., 2006; Amemiya et al., 2013).  

Additional preliminary studies determined that tunicamycin and A23187 treatment of A6 

cells induced the accumulation of BiP in contrast to HSP70, which was not detectable. Both 

tunicamycin and A23187 were previously demonstrated to upregulate A6 cell bip gene 

expression in our laboratory (Winning et al., 1989; Miskovic et al., 1999; Khan et al., 2012). 

Previous mammalian studies also observed an increase in BiP accumulation in cells treated with 

A23187 or tunicamycin (Li et al., 1997; Ron & Walter, 2007; Oslowski et al., 2012). 

Tunicamycin inhibits the initial step of glycoprotein biosynthesis in the ER, which likely causes 
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an accumulation of unfolded glycoproteins within the ER (Oslowski et al., 2012; Wang et al., 

2015). A23187 is a calcium ionophore that depletes calcium stores within the ER lumen, which 

is thought to alter protein folding and stability leading to an increase in unfolded protein in the 

ER (Li et al., 1997; Sun et al., 2006). The rise in accumulation of unfolded protein in the ER and 

not in the cytosol may explain why cells treated with A23187 or tunicamycin had greater BiP 

accumulation and no detectable increase in HSP70 accumulation. 

In addition to tunicamycin and A23187, the present study determined that cadmium 

chloride treatment of A6 cells enhanced the relative levels of BiP. Furthermore, pre-treatment of 

A6 cells with actinomycin D or cycloheximide prevented cadmium-induced BiP accumulation in 

A6 cells. These results support evidence from a mammalian study that examined the effect of 

actinomycin D and cycloheximide on cadmium-induced BiP in porcine LLC-PK1 cells (Liu et 

al., 2006). These studies suggest that cadmium-induced BiP accumulation involves de novo 

transcription and translation. Earlier studies determined that cadmium altered calcium 

homeostasis, inhibited the proteasome, increased levels of reactive oxygen species (ROS) and 

caused protein instability by interacting with thiol groups and replacing metal co-factors 

(Jungmann et al., 1993; Waisberg et al., 2003; Kitamura & Hiramatsu, 2010; Moulis & 

Thevenod, 2010; Brunt et al., 2012). These various cadmium-induced effects resulted in 

unfolded protein accumulation in the ER, which can trigger the UPR and upregulate bip gene 

expression (Moulis & Thevenod, 2010). Additionally, these cadmium-induced effects likely 

resulted in an increase in unfolded protein in the cytosol, which can elicit the HSR and 

upregulate hsp70 gene expression. In the current study, analysis of the X. laevis BiP promoter 

region revealed the presence of putative cis-regulatory regions such as a TATA box, two 

endoplasmic reticulum stress elements (ERSE) and three CAAT sites. Multiple sequence 
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analysis of a segment of the promoter region for bip genes from X. laevis, X. tropicalis, and H. 

sapiens revealed the presence of conserved regulatory elements, namely two CAAT sites and 

two ERSEs. Previous mammalian studies reported the presence of multiple CAAT sites and 

ERSEs upstream of a TATA box in mammalian bip genes (Yoshida et al., 1998; Roy & Lee, 

1999; Beaumeister et al., 2005). Studies with mammalian cells determined that duplicate copies 

of the ERSE could fully activate the tunicamycin-induced expression of a heterologous promoter 

fused to a chloramphenicol acetyltransferase (CAT) gene, in a sequence-specific but orientation-

independent manner (Roy & Lee, 1999). Furthermore, deletion analysis of a rat BiP promoter 

region revealed that a CCAAT site and a TATA box were necessary for full constitutive and 

tunicamycin-inducible expression of a fusion gene microinjected into X. laevis embryos 

(Winning et al., 1992). This latter study suggested a conservation of cis-regulatory elements in 

rat and X. laevis BiP promoter regions. Given these findings, it is possible that the ERSE and 

CCAAT sites detected in the promoter region of X. laevis BiP are required for cadmium 

chloride-induced expression.  

In X. laevis A6 cells, the magnitude of cadmium chloride-induced BiP protein 

accumulation was concentration-dependent. For example, treatment of A6 cells with 100 µM 

cadmium chloride enhanced BiP accumulation with maximal accumulation at 200 µM. Previous 

studies reported a cadmium chloride concentration-dependent increase in BiP accumulation in 

chicken hepatocytes and LLC-PK1 renal epithelial cells (Shao et al., 2014). In the present study, 

cadmium chloride also induced HSP70 and HO-1 protein accumulation in a concentration-

dependent manner, which was consistent with our previous findings (Woolfson & Heikkila, 

2009; Music et al., 2014). Increased HO-1 accumulation was first detected in A6 cells treated 

with 25 µM cadmium chloride, which suggests that the activation pathway for HO-1 expression 
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was more sensitive to a lower concentration of cadmium compared to the activation pathways for 

HSP70 or BiP expression. It is possible that treating A6 cells with 25 µM cadmium chloride for 

14 h increased levels of ROS, which modified cysteine residues on KEAP-1 and increased levels 

of NRF2 in the nucleus to activate HO-1 expression. Furthermore, A6 cells treated with 400 µM 

cadmium chloride displayed a decrease in relative levels of BiP, HSP70 and HO-1 compared to 

200 µM. The decrease in stress protein accumulation at relatively high levels of cadmium 

chloride may be due to an inhibition of protein synthesis, which has been reported in other 

systems (Gamulin & Narancsik, 1982; Ovelgonne et al., 1995; Smalinskiene et al., 2005).  

In time course studies, continuous exposure of A6 cells to cadmium chloride resulted in 

an increased accumulation of BiP over a 24-hour period. These findings are of interest since 

previous studies demonstrated that cadmium accumulated in kidney cells in a time-dependent 

manner in a variety of organisms including frogs (Goering et al., 1993; Vogiatzis & Lombourdis, 

1997; Barbier et al., 2004; Simoncelli et al., 2015). Time-dependent accumulation of cadmium 

chloride-induced BiP accumulation was reported in porcine LLC-PK1 renal epithelial cells and 

plant cells (Liu et al., 2006; Yokouchi et al., 2007; Xu et al., 2013). An increase in BiP 

accumulation over time is likely due to elevated levels of intracellular cadmium and its effects on 

ER proteostasis leading to a prolonged UPR (Liu et al., 2006; Yokouchi et al., 2007; Xu et al., 

2013). 

The present study also observed a transient increase in BiP levels during recovery of A6 

cells from an 8 h exposure to cadmium chloride. It is possible that intracellular cadmium present 

within the cell after 8 h continues to exert its proteotoxic stress within the ER. The presence of 

elevated levels of BiP even after 48 and 72 h of recovery may be due, at least in part, to a 

reduction in the rate of its degradation. This possibility is viable given that previous studies in 
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our laboratory have shown that cadmium chloride treatment can inhibit the ubiquitin proteasome 

system that may be involved in BiP degradation (Brunt et al., 2012). Additionally, previous 

studies have reported the half-life of mouse and human BiP to be approximately 28 to 33 h 

(Gulow et al., 2002). It is possible that X. laevis BiP also has a long half-life, which could partly 

explain BiP remaining elevated during recovery. Transient increases in the relative levels of 

HSP70 and HO-1 were also detected, which is consistent with previous work in our laboratory 

(Woolfson & Heikkila, 2009; Music et al., 2014). It is possible HSP70 was being degraded by 

the proteasome during recovery since HSP70 has been previously reported to be degraded by the 

proteasome in A6 cells recovering from heat stress (Khan & Heikkila, 2014). HO-1 

Immunocytochemical and LCSM studies of A6 cells determined that cadmium chloride-

and MG132-induced BiP accumulation was enriched in the perinuclear region compared to 

control and that it occurred in a punctate pattern. Previous immunocytochemical studies 

performed in our laboratory also reported the perinuclear enrichment of BiP in a punctate pattern 

in A6 cells treated with A23187 and the proteasomal inhibitors, withaferin A and MG132 (Khan 

et al., 2012). Additionally, mammalian immunocytochemical studies have reported the enriched 

perinuclear accumulation of BiP in mouse pancreatic β-cells treated with tunicamycin 

(Kitiphongspattana et al., 2005). Furthermore, approximately 10% of cells treated with 200 µM 

cadmium chloride or with 30 µM MG132 contained relatively large anti-BiP antibody staining 

structures that co-localized with complexes that were also stained with the Proteostat dye. This 

latter result was confirmed by Z-stacking analysis, which verified that BiP was enriched within 

Proteostat-stained structures. It is possible that these cadmium chloride- or MG132-induced large 

aggregate-like structures may be aggresomes. Aggresomes are large microtubule-dependent 

perinuclear inclusion bodies wrapped in a vimentin cage that can develop in the cytoplasm as a 
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result of an overwhelmed or inhibition of the UPS with agents like MG132 (Johnston et al., 

1998; Kopito, 2000; Bauer & Richter-Landsberg, 2006; Bolhuis & Richter-Landsberg, 2010; 

Shen et al., 2011; Ito et al., 2012; Taylor et al., 2012; Bang et al., 2014; Corchero et al., 2016). In 

previous studies, our laboratory reported the presence of MG132-induced aggresome-like 

complexes that co-localized with the small HSP, HSP30, in A6 cells (Khan et al., 2015). It has 

been suggested that cadmium-induced formation of aggresomes in human embryonic kidney 293 

cells resulted from valosin-containing protein interacting with HDAC6, which directs 

ubiquitinated protein to aggresomes (Song et al., 2008). It is possible that a similar phenomenon 

occurs in Xenopus A6 cells since our laboratory has shown that cadmium chloride induced the 

inhibition of the UPS (Brunt et al., 2012; Khamis et al., 2013). Given these previous and current 

findings, it is possible that the inhibition and/or overwhelming of the UPS by cadmium chloride 

or MG132 in A6 cells could promote aggresome formation, possibly facilitated by retrograde 

transportation of BiP from the ER to the cytoplasm, in order to sequester toxic protein aggregates 

in the cytoplasm (Johnston et al., 1998; Garcia-Matas et al., 2002; Bagola et al., 2008). In 

support of this possibility BiP was detected in the core of aggresome-like structures in human 

embryonic cells overexpressing mutant Huntingtin protein (Waelter et al., 2001; Garcia-Matas et 

al., 2002).  

Aggresomes have been previously reported to associate in close proximity with the 

microtubule-oragnizing center, also known as the centrosome (Garcia-Mata et al., 1999). It is 

possible BiP may be associating with the centrosome since the size and location of the BiP 

structures appear similar to HSP70 structures that have been previously been reported to co-

localize with centrosomes in mammalian cells under heat stress (Hut et al., 2005). It is also 
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possible that BiP may be associating with both a centrosome and aggressome. However, further 

analysis is required to locate the centrosome in relation to the BiP structures.  

It is also possible that these Proteostat dye and anti-BiP antibody staining complexes 

detected in A6 cells treated with cadmium chloride or MG132-treated cells are endoplasmic 

reticulum-associated compartments (ERACs; Huyer et al., 2004). ERACs are tubular-vesicles 

directly connected to the ER that have been observed in yeast cells overexpressing protein that 

misfolds and aggregates within the ER (Huyer et al., 2004). ERACs localize next to the nucleus 

and have been associated with BiP (Huyer et al., 2004, Bagola & Sommer, 2008). It is possible 

that protein unfolding and aggregation induced by cadmium and MG132 is sequestered in 

ERACs, which are facilitated by BiP, to protect the ER from toxic protein aggregates.  

The treatment of A6 cells with 100 µM cadmium chloride at 30 °C for 5 h resulted in 

increased BiP accumulation in A6 cells compared to the stressors individually. Also, 

immunocytochemical analysis revealed the presence of large anti-BiP antibody stained structures 

that co-localized with the Proteostat dye. Previously our laboratory documented a synergistic 

increase in HSP30 and HSP70 accumulation in A6 cells subjected to 100 µM at 30 °C for 5 h 

(Woolfson & Heikkila, 2009; Khamis & Heikkila, 2013). The mechanism for increased 

accumulation of BiP in A6 cells treated with cadmium at elevated temperature is not known. 

Previous studies revealed that the cellular uptake of cadmium increased with increasing 

temperature in planktonic crustaceans and human hepatic cells (Souza et al., 1997; Heugens et 

al., 2003). It is possible that enhanced cadmium uptake in A6 cells treated at 30°C could result in 

an increased accumulation of unfolded protein in the ER, which activates the UPR and enhances 

BiP accumulation as well as inhibition of the ubiquitin- proteasome system which could result in 

the formation of aggresomes.  
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Finally, the present study examined the effect of BSO, an inhibitor of γ-glutamylcysteine 

synthetase, which is required for glutathione synthesis, on cadmium chloride-induced BiP 

accumulation (Griffith, 1982; Montero & Jassem, 2011). Previous studies found that mammalian 

and plant cells treated with BSO had lowered intracellular levels of glutathione, which increased 

sensitivity to cadmium stress (Abe et al., 1994; Galan et al., 2001; Waisberg et al., 2003; Mah & 

Jalilehvand, 2010; Chen et al., 2015). Additionally, depleted levels of glutathione were reported 

in X. laevis oocytes and spermatogenic cells treated with BSO (Kannan et al., 1996; Kannan et 

al., 1998; Tong et al., 2015). In the present study, A6 cells pretreated with BSO enhanced the 

effect of 100 µM cadmium chloride on BiP accumulation and the formation of aggresome-like 

structures. This is the first study to report the increased levels of BiP in cells treated with 

cadmium and BSO. Previous studies have reported an increase in HSP70 accumulation in human 

promonocytic cells and human amniotic WISH cells pretreated with BSO plus a treatment with a 

low concentration of cadmium (Abe et al., 1994; Galan et al., 2001). It is possible that a BSO 

pretreatment lowered the intracellular glutathione concentration in A6 cells, which sensitized 

them to cadmium chloride-induced oxidative stress, leading to an increase in the accumulation of 

unfolded protein and activation of the UPR. Furthermore, it is possible that the combination of 

BSO-induced glutathione depletion and cadmium chloride stimulated oxidative stress resulted in 

UPS inhibition and sequesteration of toxic protein aggregates in the form of aggresomes. 

In the present study, it should be pointed out that a portion of the cadmium chloride- or 

MG132-induced anti-BiP antibody stained complexes did not co-localize with the Proteostat dye. 

It is possible that these BiP structures may have been large BiP oligomers, which do not display 

chaperone activity (Preissler et al., 2015). While the precise reason is not known, further analysis 



	 103	

may determine if the large anti-BiP antibody staining structures interact with unfolded rather 

than aggregated ER protein.  

This study is of significance since it is the first study to examine cadmium-induced BiP in 

a poikilothermic vertebrate. Basic information on cadmium-induced BiP in X. laevis is important 

given that amphibians are considered sentinel species for environmental contaminants (Burggren 

& Warburton, 2007). Furthermore, the findings in this study suggest that BiP levels or the 

detection of aggregated protein may be used as biomarkers for cadmium exposure in amphibians. 

The techniques developed in this study may be applicable for use in cells and tissues derived 

from aquatic vertebrates found in North America (e.g. Rana catesbeiana). This study may also 

advance our understanding of the cytoxicity of cadmium telluride nanoparticles, which have 

been recently reported to activate the UPR in human umbilical cord epithelial cells (Yan et al., 

2016). In addition, the detection of protein aggregates that associate with BiP in cadmium-treated 

A6 cells may provide insight into neurodegenerative diseases that have been associated with 

chronic cadmium exposure.  

It is not known if other molecular chaperones are associated with the cadmium chloride-

induced BiP-containing aggresomal structures. It is possible that HSP30 may be present since it 

was shown previously to associate with cadmium chloride-induced aggregates (Khan et al., 

2015). Future studies examining the possible co-localization of HSP30 and BiP accumulation 

may shed light on this question. The effect of other stressors on BiP accumulation could also be 

examined, such as sodium arsenite and Withaferin A. Very little research has been devoted to an 

analysis of cadmium chloride-induced association of BiP with aggresome-like structures during 

early vertebrate development. The extensive information and techniques available for the study 
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of molecular chaperones and cellular structures in Xenopus laevis embryos may make this 

developmental system ideal for the analysis of these questions. 
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