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ABSTRACT 

The endoplasmic reticulum is the central organelle 
within a eukaryotic cell where newly synthesized pro- 
teins are processed and properly folded. An excess of 
unfolded or mis-folded proteins induces ER stress sig- 
nalling pathways. Usually this means a pro-survival 
strategy for the cell, whereas under extended stress 
conditions the ER stress signalling pathways have a 
pro-apoptotic function. CK2 plays a key role in the 
regulation of the pro-survival as well as the pro- 
apoptotic ER stress signalling by directly modulating 
the activities of members of the ER stress signalling 
pathways by phosphorylation, regulating the expres- 
sion of the key factors of the signalling pathways or 
binding to regulator proteins. The present review will 
summarize the state of the art in this new emerging 
field. 
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1. INTRODUCTION 

The endoplasmic reticulum (ER) of eukaryotic cells is a 
membrane-enclosed organelle which is closely connected 
to the nuclear membrane. The ER is responsible for the 
synthesis, folding, post-translational modification and 
quality control of numerous secreted and membrane pro-
teins. Folding and maturation of proteins in the ER are 
influenced by Ca2+ ion concentration in the ER, oxidative 
stress, hypoxia, energy deprivation, metabolism or pro-
tein synthesis. Only properly folded proteins can leave 
the ER for the Golgi apparatus where they are further 
processed and finally transported to the plasma mem-
brane whilst mis-folded proteins are directed to degrada-
tion. In the case of an accumulation of unfolded or mis- 
folded proteins in the ER, cellular signalling pathways 
are induced in order to start an adaptive cellular response. 

This adaptive cellular response leads to an increase in the 
protein folding capacity of the ER, a reduced global pro- 
tein biosynthesis and elevated ER-associated protein de- 
gradation. In the event of an unsuccessful adaptive cel-
lular response and persistent ER stress, cells would be 
directed towards autophagy or apoptosis [1,2]. These 
manifold processes regulating the adaptive cellular re-
sponse as well as the decision about life and death of a 
cell must be tightly controlled. Fast and efficient regula-
tion of such cellular processes is achieved mainly by 
protein kinases, which can regulate key enzymes in these 
processes by phosphorylation. Among the 518 protein 
kinases coded by the human genome, protein kinase CK2 
plays a key role because life without CK2 is not possible 
[3-5]. 

2. PROTEIN KINASE CK2 AND THE ER 
STRESS RESPONSE 

Protein kinase CK2 is a serine/threonine protein kinase 
composed of two catalytic α- or α’-subunits and two non- 
catalytic β-subunits. However, there is increasing evi- 
dence that the subunits also exist outside of the holoen-
zymes with functions on their own [6-8]. It is well 
known that CK2 is implicated in the decision of life and 
death of a cell [9]. It was shown that CK2 has strong 
anti-apoptotic properties and inhibition of CK2 activity 
in many tumour types induces apoptosis [10]. Moreover, 
UV irradiation increases CK2 dependent phosphorylation 
of p53 which decreases the pro-apoptotic function of p53 
[11]. Beside this UV irradiation stress, heat shock stress 
has been shown to result in relocalization of CK2 sub-
units to specific nuclear regions [12]. Stress activating 
agents like arsenite lead to an activation of CK2 kinase 
activity by an interaction with p38 MAP kinase [13]. 
Over the last couple of years there has been increasing 
evidence that CK2 also plays a key role in ER-stress re-
sponse. The present review will address specifically the 
role of CK2 in the ER stress response. 

It is known for quite some time that CK2 is located at *Corresponding author. 
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the endoplasmic reticulum (ER) [14-16] where it phos-
phorylates ER resident proteins [17-23]. One of the sub-
strates and binding partners for CK2 is HSP90 which is 
part of a ubiquitously expressed chaperone system in the 
ER. There, HSP90 is required for the folding, maturation 
and stabilization of a specific set of target proteins [21- 
23]. HSP90 phosphorylation by CK2 is required for the 
chaperone activity. Binding of HSP90 to CK2 enhances 
the kinase activity of CK2 and prevents aggregation and 
inactivation of CK2 [23,24]. The role of CK2 in the 
chaperone machinery is nicely reviewed by Miyata [25], 
and is therefore not further addressed in the present re-
view.  

In eukaryotic cells there are numerous conditions as 
well as mutations in specific proteins which result in the 
accumulation and/or aggregation of unfolded or mis- 
folded proteins in the ER. The ER stress is mediated 
through three ER transmembrane proteins: the pancreatic 
ER kinase (PERK), the activating transcription factor-6 
(ATF6) or family members such as CREB4, CREBH, 
and OASIS, and the inositol-requiring enzyme 1 (IRE1) 
[26]. In the un-stressed cells these trans- membrane pro-
teins are maintained in an inactive state through the as-
sociation with an ER chaperone namely BIP/GRP78 
(Figure 1) [20]. Accumulation of unfolded or mis-folded 
proteins leads to BIP/GRP78 dissociation from and activa-
tion of the ER stress mediators. Generally, the ER stress 

signalling has a pro-survival function by blocking the 
synthesis of unfolded proteins and removal of un- or 
mis-folded proteins. When the ER stress is too severe 
and the cell cannot get rid of the ER stress, ER stress 
signalling switches to pro-apoptotic results. For quite a 
while it is well accepted that CK2 has a pro-survival 
function. Inhibition of CK2 leads to apoptosis at least of 
cancer cells [9,10,27]. Therefore, it is not surprising that 
CK2 is implicated in the regulation of ER stress signal-
ling. 

Although CK2 was found to be associated with the ER 
[16-19], there was neither a relocalization of CK2 nor an 
altered expression of the CK2 subunits after ER stress 
[20]. However, there was an increase in CK2 activity in 
multiple myeloma cells after ER stress induction by 
thapsigargin [15]. 

3. THE PERK MEDIATED PATHWAY 

Dissociation of BIP/GRP78 from PERK results in the 
dimerization of PERK, its autophosphorylation and acti-
vation. Active PERK then phosphorylates the eukaryotic 
initiation factor 2α (eIF2α) which leads to a general inhi-
bition of protein biosynthesis [28]. This inhibition of 
protein synthesis may help the cell to decrease the load 
of nascent and unfolded or mis-folded proteins in the ER. 
In multiple myeloma cells it was shown that CK2α silen- 
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Figure 1. Implication of protein kinase CK2 in ER stress signalling pathways. (uXBP1: unspliced XBP1; sXBP1: 
spliced XBP1). 
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cing by miRNA technology causes an increased dephos-
phorylation and activation of PERK at threonine 981 
(Figure 1) [15]. This result suggests that CK2 somehow 
inhibits PERK signalling but the mechanism of PERK 
inhibition by CK2 is still an enigma. In the same study it 
was shown that CK2 inhibition with K27, which is a de-
rivative of the commonly used inhibitor TBB [29], leads 
to an increase in serine 51 phosphorylation of eIF2α. 
This increase in the phosphorylation of eIF2α was also 
shown in another study using HeLa cells and TBB [30] 
or quinalizarin [31] as CK2 inhibitors [32]. 

The attenuation of protein biosynthesis by phosphory-
lated eIF2α is not absolute. Some mRNAs carrying cer-
tain regulatory sequences in their 5’ untranslated regions 
can bypass the translational stop and are translated at even 
higher rates [33]. One of the mRNAs which is translated 
in the presence of phosphorylated eIF2α is the one cod-
ing for ATF4, which is a member of the 
CCAAT/enhancer binding protein (C/EBP) family of 
transcription factors (Figure 1). It was recently shown 
that inhibition of CK2 leads to an increased transcription 
of ATF4. Moreover, CK2α binds to ATF4 and it phos-
phorylates ATF4 at amino acid 215 [32]. Mutant ATF4 
which can no longer be phosphorylated by CK2 showed 
an elevated stability [32]. Also, inhibition of the CK2 
enzyme activity leads to an elevated stability of ATF4 
[28]. Bimolecular fluorescent complementation experi-
ments revea- led that CK2α was bound to nuclear ATF4.  

As a transcription factor, ATF4 induces genes which are 
involved in amino acid metabolism, redox reactions, 
stress response and protein secretion [33]. In addition to 
these pro-survival gene products the expression of the 
pro-apoptosis gene products is regulated by ATF4 [34]. 
It was shown that CK2 inhibition induces the transcrip-
tion factor CHOP, which is pro-apoptotic. Transcription 
of CHOP is mainly regulated by the C/EBP-ATF ele-
ment in the CHOP promoter which is ATF4 dependent 
[35]. The induction of CHOP transcription goes along 
with an elevated level of the CHOP protein [36] at least 
in hormone sensitive prostate cancer cells. 

In contrast to these results with the CHOP promoter 
CK2 phosphorylation of ATF4 leads to an increase in the 
expression from the ATF3 promoter as well as the 
AARE promoter element [32] at least in HeLa cells. Up- 
regulation of CHOP after CK2 inhibition and ER stress 
signalling seems to be cell type specific because no such 
induction was observed in hormone refractory prostate 
cancer cells [36], in glial cells [20] and in multiple mye-
loma cells [15]. Overexpression of CHOP in hormone 
refractory prostate cancer cells induces apoptosis [35] 
indicating that CHOP might play an essential role in 
apoptosis induction after ER stress. It was already shown 
that CHOP gene expression in response to ER stress re-
quires an additional factor, which is called NFY. This 

factor is not only necessary for the constitutive activation 
of CHOP but it seems to be also an active and essential 
element for the assembly of transcription factors for 
CHOP expression after ER stress [37]. A different level 
of NFY in different cell types may explain that CHOP is 
not uniformly expressed after CK2 inhibition. 

CHOP itself is a target for CK2 i.e. it binds to CK2 
and is phosphorylated by CK2. It was shown that CK2 
phosphorylation of CHOP inhibits its transcriptional ac-
tivity [38]. 

Apoptosis induction as determined by PARP cleavage 
was also observed in multiple myeloma cells after CK2 
inhibition or CK2 silencing although there was no altera-
tions in the CHOP expression indicating that CHOP in-
duction is not absolutely required for apoptosis induction 
[15]. 

4. ATF6 MEDIATED ER STRESS  
SIGNALLING 

Dissociation of GRP78 from ATF6 allows the transloca-
tion of ATF6 to the Golgi apparatus where it is cleaved 
into an active transcription factor in the N-terminal part 
of the molecule (Figure 1). This N-terminal part is then 
translocated to the nucleus. So far, nothing is known 
about CK2 targeting ATF6, neither to the ER nor to the 
Golgi apparatus. Also, nothing is known about an inter-
action of the other ATF6 family members with CK2 
whereas the expression of downstream targets of ATF6 
is regulated by CK2. Tunicamycin and thapsigargin are 
known to induce the expression of BIP/GRP78 and this 
induction is blocked in cells which were treated with the 
CK2 inhibitor TBB. The same effect was detected when 
CK2 expression was knocked down by siRNA experi-
ments [15,20]. 

5. IRE1 MEDIATED ER-STRESS  
SIGNALLING 

The ER membrane associated IRE1 has two different 
enzyme activities. The cytoplasmic part of the molecule 
possesses a serine-threonine kinase domain and the C- 
terminal part of the molecule harbours an endoribonu-
clease activity. One of the selective functions of IRE1 is 
the removal of an intron from the XBP1 mRNA, whose 
expression is regulated by ATF6. The spliced XBP1 
mRNA codes for a transcription factor [39]. Inhibition of 
CK2 by TBB treatment of glial cells whose ER-stress 
was induced by tunicamycin or thapsigargin inhibits 
splicing of XBP1 (Figure 1) [20]. Also in multiple mye-
loma cells, thapsigargin induces an increase of IRE1 and 
BIP/GRP78, which was abolished by inhibition of CK2 
with K27 [15]. Furthermore, the amount of HSP90 and 
cdc37 co-precipitating with IRE1 was reduced after CK2 
inhibition. 
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Thus, from these results it is obvious that CK2 is im-
plicated in ER-stress signalling by targeting many dif-
ferent factors within these signalling pathways. 

6. CONCLUDING REMARKS 

Although most of the knowledge about CK2 and ER 
stress signalling stems from the PERK/eIF2α/ATF4 path- 
ways, it is still an enigma on how CK2 blocks the activa-
tion of PERK under un-stressed conditions. Most of the 
experiments done so far are performed by pharmacologi- 
cal inhibition of CK2 or by silencing of CK2, whereas, 
nothing is known about an over-expression of CK2. Does 
an over-expression of CK2 inhibit ER-stress signalling? 
Only little is known about the ATF6 and ATF6 family 
members’ mediated signalling pathway. Are these family 
members namely CREB4, CREBH and OASIS [40] sub-
strates or binding partners of CK2? Is CK2 somehow 
implicated in the proteolytic activation of these family 
members? All experiments described so far are perfor- 
med with tumour cells. It is an open question whether 
CK2 also plays a role in ER stress signalling in normal 
cells. 
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