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Summary 
Calreticulin is a Ca2+-binding protein of the ER/SR, from where it acts as a chaperone, and affects 
calcium homeostasis, gene expression and cell adhesion. Cell adhesion to the extracellular matrix can 
generate transmembrane signals important for cell survival and migration. In a variety of cell types, 
integrin stimulation by ECM proteins, such as fibronectin, leads to changes in intracellular protein 
tyrosine phosphorylation. Tyrosine phosphorylation leads to the co-localization of focal adhesion kinase, 
vinculin and paxillin at focal contacts. Interaction between focal adhesion kinase and paxillin is critical 
for the activation of signaling cascades involved in cell survival and motility. Fibroblasts either over- or 
underexpressing calreticulin show differences in their adhesive properties, which are related to the 
calmodulin/CaMKII pathway. Inhibition of these pathways causes the weekly adhesive calreticulin 
underexpressing cells to behave like the calreticulin overexpressers, through increased spreading and 
increased levels of focal adhesion kinase, paxillin and fibronectin. We propose that calreticulin, via its 
Ca2+-homeostatic effects, may affect fibronectin synthesis and matrix assembly by modulating fibronectin 
gene expression, and by influencing formation of cellular adhesions, both of which are instrumental in 
matrix assembly and remodelling. Interestingly, it appears that besides the calmodulin/CaMKII pathway, 
differential calreticulin expression also modulates the c-src pathway. 
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INTRODUCTION 
 
Many studies have indicated that calreticulin is an 
endoplasmic reticulum (ER)-resident protein, albeit 
the protein has been found in various subcellular 
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and extracellular loci (Papp and Opas 2003). One 
of the more intriguing functions of calreticulin is its 
control of cell adhesiveness (Papp et al. 2003). The 
proteins involved in cell adhesions are either part of 
1) the subplasmalemmal cytoskeleton (focal 
adhesion proteins such as paxillin, focal 
adhesionkinase (FAK) and vinculin), 2) the cytosol 
(signalling molecules such calmodulin and CaMK 
II), or 3) the extracellular matrix (fibronectin). 
Thus, for calreticulin to affect these protein levels, 
there must be an ER signalling pathway involved.  

The signalling mechanism might sense the 
levels of calreticulin in the ER and convey that 
information through a signaling pathway to the 
nucleus to up-regulate or attenuate gene 
transcription (Fig. 1). There are a number of 
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signalling pathways, such as the calmodulin/CaMK 
II, Src and ERK pathways, that may be activated 
either in parallel or separately, to modulate focal 
adhesions (Fig. 2). It has been shown that 
overexpression of calreticulin leads to the 
formation of more prominent focal contacts and 
this is in part due to upregulation of vinculin and 
decreased tyrosine phosphorylation (Fadel et al. 
1999, Opas et al. 1996).  

This difference between the overall level of 
tyrosine phosphorylation between the calreticulin 
overexpressing and underexpressing cells may be 
indicative of alterations in the phosphorylation of 
signalling proteins, which affect numerous 
signalling cascades as a response to the level of 
calreticulin expression. 

 
 
 
 
 
 
.  
 
 
 
 
 
 
 
 
 

Fig. 1. Distribution of adhesion-related cytoskeletal proteins and calreticulin. Calreticulin-overexpressing fibroblasts 
were triple labelled to visualize actin (a), vinculin (b) and calreticulin (c). It is evident that cytosolically distributed adhesion-
related cytoskeleton (actin stress fibres) and subplasmalemmal adhesion-related cytoskeleton (vinculin-rich focal contacts) 
co-localize to a large extent. This is in contrast to the calreticulin-rich ER, which only slightly co-localizes with either actin 
or vinculin in certain areas. All three labels have been merged in (d) to show the degree of co-localization of the labels.  
 
 
 
 
 
ROLE OF CALRETICULIN IN FOCAL 
ADHESION BASED CELL ADHESIVENESS 

 
The ability of cells to form focal contacts and 
adhere to their underlying substratum is critical for 
motility, differentiation and survival. The formation 
of focal contacts is carefully regulated by cells and 
is affected by a number of signalling pathways, 
some being calcium dependent. The ER resident 
protein, calreticulin, has been implicated in the 
control of cell to cell and cell to substratum 
adhesions, through its calcium related functions.  

Calreticulin is a soluble protein found within 
the lumen of the ER. It has three domains, the 
compact globular N-domain which does not bind 
calcium, the extended arm formed by the hairpin 
loop of the P-domain, which binds calcium with 
low capacity, high affinity and finally the carboxy 
terminal C domain which binds calcium with high 
capacity, low affinity (Parodi et al. 2000).  

The primary function ascribed to calreticulin 
has been as a chaperone protein, where it binds to 
newly synthesized glycoproteins, preventing 
aggregation and allowing the proteins to attain their 
correct folding conformation (Helenius et al. 1997). 
In addition to its calcium storage function, 

calreticulin also has an important role in the 
regulation of calcium homeostasis (Michalak et al. 
2002). Calcium regulation is an important part of 
the adhesion mechanism (Burridge and 
Chrzanowska-Wodnicka 1996, Sastry and Burridge 
2000). Alterations in the level of expression of 
calreticulin indeed affect cellular adhesion and 
motility (Opas et al. 1996, Fadel et al. 1999, 2001). 
Calreticulin deficient cells have impaired adhesion 
(Liu et al. 1994, Coppolino et al. 1997). It has been 
suggested that this may be mediated by direct 
interaction between calreticulin and KxGFFKR 
sequence of α-integrins (Dedhar 1994, Coppolino 
et al. 1995). Consequently, to functionally affect 
integrins clustered in focal contacts, calreticulin 
should be present in the cytoplasm, but there is no 
strong direct evidence for this. Thus, calreticulin-
modulated changes in cell adhesiveness have to be 
correlated with upregulation of adhesion specific 
proteins. 

Overexpression of calreticulin increases both 
cell to substratum and cell-to-cell adhesiveness, and 
establishes vinculin rich cell-to-cell junctions by 
increasing overall vinculin levels in cells (Opas et 
al. 1996). Thus, the adhesion related effects of 
differential calreticulin expression are vinculin 
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mediated and the absence of calreticulin from focal 
contacts or the cytoplasm indicates that, in vivo, the 
adhesion-related functions are performed from 
within the ER lumen (Fig. 1).  

In addition, overexpressed and cytoplasmically 
targeted GFP-calreticulin did not localize to focal 
contacts. Furthermore, targeting of calreticulin to 
the cytoplasm either by microinjection or by the 
expression of a leaderless calreticulin had no effect 
on cell morphology, the actin cytoskeleton or cell 
adhesion. Most importantly, studies show that both 
transcriptional activation by steroid receptors and 
cell adhesion in vivo are affected only by the full 
length, ER-targeted form of calreticulin, but not by 

a truncated, cytosolically targeted mutant protein 
(Opas et al. 1996, Michalak et al. 1996, Fadel et al. 
1999).  

More recently it has been suggested that 
calreticulin may be involved in an integrin-
dependent calcium-signalling pathway, rather than 
direct regulation of integrin activity (Coppolino et 
al. 1997). While this observation requires further 
investigation, it is not inconsistent with the 
hypothesis that calreticulin may function in 
adhesion regulation as a “signalling” molecule from 
within the ER lumen (Michalak et al. 2002, Papp et 
al. 2003) (Fig. 2). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Fig.2. Hypothetical involvement of calreticulin in a number of signalling cascades. Calreticulin through its role in 
calcium homeostasis is indirectly affecting a number of signalling cascades.  
 
 
CALRETICULIN EXPRESSION AND FOCAL 
ADHESION PROTEINS 
 
Focal adhesions contain numerous structural 
proteins, such as actin, α-actinin and vinculin, as 
well as, many regulatory proteins (Sastry and 
Burridge 2000), such as FAK, paxillin, tensin and 
zyxin (Otey 1996, Burridge et al. 1992, Crawford et 
al. 1992). The regulatory proteins are either 

phosphorylated or are substrates for tyrosine 
kinases in an adhesion-dependent manner (Burridge 
and Chrzanowska-Wodnicka 1996, Ilic et al. 
1997,). In addition, regulatory proteins such as Src, 
protein kinase C, calmodulin and CaMK II, which 
are part of major signalling cascades, are also 
involved with adhesion formation (Fig. 2).  

Furthermore, the clustering and immobilization 
of integrins at focal contacts appears to participate 
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in cell signalling via tyrosine phosphorylation 
events (Juliano and Huskill 1993) and tyrosine 
phosphorylation is implicated in focal adhesion 
assembly (Kornberg and Juliano 1992). 
Overexpression of calreticulin also increases N-
cadherin levels and decreases tyrosine 
phosphorylation of cellular proteins, such as β-
catenin (Fadel et al. 2001). β-catenin is a 
component of the cadherin-mediated adhesion 
complexes and is also part of the Wnt signalling 
pathway (Hutzfeld 1999). Calreticulin from the ER 
influences tyrosine phosphorylation of β-catenin 
but not its expression: for example, β-catenin is 
underphosphorylated in calreticulin overexpressing 
cells, but protein and mRNA levels remain the 
same in these cells (Fadel et al. 2001).  

Calreticulin can also affect cell adhesion 
through the calmodulin and CaMK II pathway. In 
calreticulin underexpressing cells, the calmodulin 
levels as well as active CaMK II levels, are higher 
than in their overexpressing counterparts. Inhibition 
of calmodulin or CaMK II rescues the calreticulin 
underexpresser phenotype, through increased cell 
spreading and increased paxillin and FAK 
phosphorylation and protein levels (Szabo 
unpublished data). FAK binds to paxillin and in 
turn paxillin provides docking sites for Src and 
vinculin, targeting them to the focal contacts 
(Burridge and Chrzanowska-Wodnicka 1996, 
Brown et al. 1998). Additionally, in calreticulin 
underexpressing cells, c-src phosphorylation at 
tyrosine 418 (indicating c-src activation) is higher 
compared with the calreticulin overexpressing cells 
(Papp, unpublished data). Src has been shown to 
phosphorylate calmodulin at tyrosine 99, which 
increases the affinity of calmodulin for CaMK II 
(Sacks et al. 1989). Also, the activated Src as well 
as calmodulin and CaMK II have been show to 
activate the ERK pathway independent of each 
other (Belcheva et al. 2005, Illario et al. 2005). The 
ERK pathway in turn plays an important role in 
upregulating paxillin and FAK, whereby ERK 
phosphorylates paxillin and FAK, recruiting them 
to focal contacts (Ishibe et al. 2004). In calreticulin 
underexpressing cells, calmodulin levels are 
upregulated, thus increasing the activity of CaMK 
II, which in turn could activate the ERK pathway 
causing an increase in paxillin levels. In 
calreticulin-null cells, ERK 1 expression is higher 
than in wild type cells, but ERK 2 expression seems 
to be unaffected (Michalak, unpublished data).  

The ERK pathway is also upregulated by the 
binding of fibronectin to integrins (Illario et al 
2005). However, in calreticulin underexpressing 
cells, fibronectin levels are lower than in 
overexpressing cells, therefore activation of the 
ERK pathway would be thought to be down-
regulated. The decreased fibronectin deposition and 
lower vinculin levels in calreticulin 
underexpressers could also account for the reduced 

focal adhesion properties of these cells compared 
with the overexpressers, since vinculin and 
fibronectin regulate the recruitment and assembly 
of the focal adhesion proteins FAK and paxillin at 
the site of integrins. This indicates that differential 
calreticulin levels regulate fibronectin expression. 
Overexpression of calreticulin leads to the 
induction of the fibronectin gene and increased 
fibronectin deposition, explaining the increased 
spreading observed when calreticulin is 
overexpressed. When the calmodulin/CaMK II 
pathway is inhibited, fibronectin protein levels and 
deposition increase and the calreticulin 
underexpressing cells take on the morphology of 
calreticulin overexpressers (Szabo, unpublished 
data).  

When calreticulin underexpressing cells are 
plated on fibronectin coated substrata, cell 
spreading is induced. Calreticulin underexpressers 
overcome their poorly adhesive phenotype by 
induction of many tensin-rich fibrillar adhesions, 
thus compensating for the low levels of vinculin in 
these cells. The calreticulin overexpressing cells 
form many vinculin-rich focal contacts as opposed 
to tensin-rich adhesions, since vinculin levels are 
elevated in these cells. (Papp et al., submitted). 

Another indirect way that calreticulin may 
influence cell adhesion is through its effects on the 
transmembrane influx of calcium via store operated 
calcium channels (SOCs), conceivably by 
controlling InsP3-releasable endoplasmic reticulum 
calcium stores (Fasolato et al. 1998, Mery et al. 
1996, Bastianutto et al. 1995, Xu et al. 2000). 
Calreticulin also affects the function of SERCA2b 
and the InsP3R (Camacho and Lechleiter 1995, 
Jouaville et al. 1999), both of which may be 
structurally coupled to SOCs (Lockwich et al. 
2001). The structural relationship between the 
ER/SR calcium release channels and SOCs of the 
plasma membrane has been a matter of controversy, 
however, substantial evidence points to structural 
coupling between the two channels (Putney 1999, 
2005). In view of the heterogeneity of the ER/SR 
(Meldolesi and Pozzan 1998, Petersen et al. 2001), 
it is intuitive that not all of the ER is coupled to the 
plasma membrane, however morphological data 
supporting this notion are scarce.  

Trp (a putative SOC component) reportedly 
associates with InsP3R, SERCA and caveolin in 
caveolar calcium signalling complexes (Lockwich 
et al. 2000, Lockwich et al. 2001). Calreticulin was 
shown to co-immunoprecipitate with caveolin 
(Darby et al. 2000). Caveolin co-clusters with α1 
integrins and its downregulation inhibits α1 
integrin-mediated adhesion to fibronectin (Wei et 
al. 1999). Furthermore, tyrosine phosphorylated 
caveolin has been localized to focal contacts 
(Volonte et al. 2001). Finally, in fibroblasts, the 
InsP3R was localized to focal contacts (Sugiyama et 
al. 2000).  
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EXTRACELLULAR CALRETICULIN AND 
CELL ADHESION 

 
Extracellular calreticulin is involved in cellular 
adhesion and migration but its role is unclear, since 
it does not possess a transmembrane domain. 
Extracellular calreticulin is a C1q co-receptor 
(Ghiran et al. 2003, McGreal et al. 2001) which 
complexes with CD91 on phagocytes for apoptotic 
cell ingestion (Basu et al. 2001, Ogden et al. 2001, 
Vandivier et al. 2002), has antithrombotic effects 
(Kuwabara et al. 1995, Dai et al. 1997), inhibits 
melanoma cell spreading (White et al. 1995, Zhu et 
al. 1997) and inhibits angiogenesis (Pike et al. 
1998, Pike et al. 1999), however the mechanisms 
behind these phenomena are unknown.  

It was recently shown that thrombospondin 
mediates the disassembly of focal contacts by 
interacting with cell surface calreticulin 
(Goicoechea et al. 2000). The thrombospondin-
binding site was mapped to the N-domain of 
calreticulin (Goicoechea et al. 2002) and 
biochemical evidence indicates the presence of a 
calreticulin complex with low-density lipoprotein 
receptor-related protein at the cell surface (Orr et al. 
2003). Thrombospondin stimulates focal adhesion 
disassembly and motility through the heparin 
binding domain, hep I, which binds to calreticulin 
and leads to phosphoinositide 3-kinase (PI3K) 
activation, and stimulation of ERK and Gi-protein 
systems (Orr et al. 2002, Orr et al. 2003).  

The sources of extracellular calreticulin have 
been subject to speculation, nevertheless the serum 
level of calreticulin in patients with systemic lupus 
erythematosus averages 4.44 µg/ml versus 
0.42 µg/ml in control sera (Eggleton et al. 1997).  
 
 
 
CALRETICULIN AND CELL MOTILITY 
 
Calreticulin from within the lumen of the ER can 
also affect cell migration. It was indicated above 
that calreticulin affects cellular adhesion and focal 
adhesion protein assembly at the site of focal 
contacts, through its influence on a number of 
signalling pathways, such as Src, ERK and 
calmodulin/CaMK II (Fig. 2). The same pathways 
that are involved in adhesion to the underlying 
substratum are also affecting cellular migration. It 
was indicated earlier that the ERK pathway is 
indirectly affected by calreticulin, whereby ERK1 
is upregulated in calreticulin-null cells (Michalak, 
unpublished data).  

A number of studies indicate that the ERK 
pathway plays a crucial role in cell migration by 
phosphorylating paxillin and FAK, which are 
important parts of focal adhesions. Through the 
ERK pathway, MAPK-activated protein kinase 2/3 
is activated, which has been shown to play an 

important role in directional migration (Huang et al. 
2004). Thus, it can be hypothesized that calreticulin 
plays a more upstream role in this ERK pathway in 
relation to cellular migration, since it has been 
noted that calreticulin underexpressing cells 
migrate slower during wound closing than the 
overexpressers, but actual directionality of the 
migration is not affected (Szabo, unpublished data). 

Other pathway that may regulate cellular 
migration are: the calmodulin/calcineurin and 
calmodulin/CaMK II pathways. These pathways 
have also been shown to play a crucial role in cell 
adhesion. When wound closing experiments were 
conducted, the importance of these pathways also 
became apparent. Inhibition of calmodulin with W7 
increased single cell motility, in both calreticulin 
under- and overexpressing cells, but the wound 
closing experiments indicated a slight decrease in 
their ability to close the wound. When the cells 
were examined more closely, random cellular 
motility was increased, but directionality was lost. 
Thus, the cells tried to move in one direction and 
then retracted and tried moving in another direction 
unsuccessfully (Szabo, unpublished data).  

Another study indicated that calcineurin, which 
is a downstream target of calmodulin (Fig. 2), 
determines directionality by sensing differential 
cytosolic calcium gradients. The same study also 
provided evidence that there is cross talk between 
CaMKII, another downstream target of calmodulin 
(Fig. 2), and calcineurin during directional 
migration (Wen et al. 2004). Since calreticulin has 
been implicated in controlling cytosolic calcium 
levels and calreticulin overexpressing cells have a 
higher cytosolic calcium concentration than 
calreticulin underexpressers, it can be deduced that 
migration and directionality can be indirectly 
affected by calreticulin (Opas et al. 1996, Fadel et 
al. 1999). 

The inhibition of CaMK II with KN-62 not 
only affected adhesion as evidenced by increased 
cell spreading (Bouvard et al. 1998), but also 
influenced cell migration. Inhibition of CaMK II 
lead to increased cellular migration during wound 
closing in both calreticulin under- and 
overexpressing cells. The magnitude of the increase 
in cellular migration during wound closing was the 
most apparent when calreticulin was overexpressed 
and it was less apparent when calreticulin was 
underexpressed, suggesting a role for calreticulin in 
regulating this pathway (Szabo, unpublished data). 
Single cell motility increased in both calreticulin 
under- and overexpressing cells with KN-62 
treatment. Unlike inhibition of calmodulin, CaMK 
II inhibition showed no visible effects on 
directionality of migration (Szabo, unpublished 
data), suggesting that this pathway is involved with 
cell motility and less so with directionality of cell 
migration.  
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The three different pathways; ERK, 
calmodulin/calcineurin, and calmodulin/CaMK II, 
have been shown to affect migration or 
directionality and cross talk between the pathways 
leads to proper assembly and disassembly of focal 
contacts during cellular migration. Where does 
calreticulin fit in? Calreticulin offers a connection 
between these pathways, since it has been shown 
that it affects cellular adhesion and cell migration, 
whereby calreticulin down-regulation decreases 
adhesion and migration, whereas upregulation has 
the opposite effect.  

 
 
 

CONCLUDING REMARKS 
 

Although the mechanisms of calreticulin action on 
cell adhesion are still elusive, it is conceivable that 
the effects observed on focal adhesions may be due 
to the effects of calreticulin on multiple signalling 
pathways. These effects include changes to the 
cadherin/vinculin system, changes in tyrosine 
kinases and phosphatases, interaction with the Wnt 
pathway, direct effect on the calmodulin/CaMK II 
pathway, and interaction with InsP3 receptor-
mediated signaling and steroid receptors on the cell 
surface. In addition, the effects of calreticulin 
expression on cell migration could be attributed to 
its differential regulation of the above-mentioned 
signalling cascades. More detailed studies of these 
pathways during cellular migration would lead to 
better understanding of the role of calreticulin 
during these events.  
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