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Abbreviations

ADAM12 a disintegrin and metalloprotease
AIF apoptosis-inducing factor
Akt "Ak" comes from a classifi cation 

name for a mouse strain developing 
spontaneous thymic lymphomas and 
"t" stands for transforming.

ALK anaplastic lymphoma kinase
ALS amyotrophic lateral sclerosis
ATP adenosine triphosphate
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
Btk Bruton tyrosine kinase
Ca2+ calcium
Caspase cysteine aspartyl-specifi c proteases
Cdc42 cell division cycle 42
CNS central nervous system
DAG diacylglycerol
DGK DAG kinase
ECFP enhanced cyano fl uorescent protein
EGFP enhanced green fl uorescent protein
eIFs eukaryotic translation-initiation factors
ER endoplasmic reticulum 
F-actin fi lamentous actin
FAK focal adhesion kinase
GAPs GTPase Activating Proteins
G3BP2 GTPase activating protein (SH3 

domain) binding protein 2
GAP-43 growth associated protein 43
GDP guanosine diphosphate
GEFs guanine exchange factors
GFAP glial fi brillary acidic protein
Grb growth factor receptor-bound protein
GTP guanosine triphosphate
GTPase guanosine triphosphatase
HER human epidermal growth factor 
 receptor
HSP heat shock protein
Hu human autoantigen
IF intermediate fi laments
IGF insulin-like growth factor
IGF2BP3 IGF-II mRNA binding protein 3
IL-6 interleukin-6
IMP IGF-II mRNA binding protein
IP3 inositol triphosphate
kDa kiloDalton
Lck leukocyte-specifi c protein tyrosine 

kinase
MDM2 murine double minute 2
MFs actin microfi laments
mRNA messenger ribonucleic acid

mTOR mammalian target of rapamycin
MTs microtubules
MYCN myelocytomatosis viral related 

oncogene, neuroblastoma derived
NF-H neurofi lament-heavy
NF-κB nuclear factor-kappa B
NFTPs neurofi lament triplet proteins
NGF nerve growth factor
PABPC1 Poly(A)-binding protein cytoplasmic 1
PBs processing bodies
PDK-1 phosphoinositide-dependent protein 

kinase-1
PH pleckstrin homology domain
PI3K phosphatidylinositol 3-kinase
PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate
PKC protein kinase C
PKD protein kinase D
PLC phospholipase C
PMA phorbol 12-myrystate 13-acetate
PNS peripheral nervous system
PRK protein kinase C-related kinase
PRPH peripherin
RA retinoic acid
Rac1 Ras-related C3 botulinum toxin 

substrate 1
RACK receptor for activated C-kinase
RhoA Ras homolog gene family, member A
RICK receptor for inactive C-kinase
RNA ribonucleic acid
RNPs ribonucleoproteins
RRMs RNA recognition motifs
SGs stress granules
SH3 Src homology 3 domain
siRNA silencing RNA
SOD1 superoxide dismutase 1
Src sarcoma; kinase
STICK substrate that interact with C-kinase
TIA-1 T-cell internal antigen-1
TIAR TIA-1-related protein
TNF tumor necrosis factor
TPA 12-O-tetradecanoylphorbol-13-acetate
TRAIL TNF-related apoptosis inducing ligand
TrkA Tropomyosin-Related Kinase A
TUNEL terminal deoxynucleotidyl transferase 

biotin-dUTP nick end labeling
WT wild-type
ZBP zipcode-binding protein 
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Introduction

I was fi rst introduced to protein kinase C (PKC) in January of 2003. Of course, I had probably read 
about the kinase during my previous studies, but never really thought anything special about it. In 
the beginning of 2003 I had reached the end point of my master’s degree and it was time for doing 
my master’s thesis. I began working with PKC, more exactly with PKCepsilon (ε), and initiated what 
would become an intersting journey in the world of PKC. I began investigating the mechanisms 
behind PKCε-mediated neurite outgrowth but somewhere on the way my results led me in other 
directions.

The protein kinase C family of proteins was discovered in the late seventies (1) and named "C" after 
calcium. The family consists of serine/threonine protein kinases that phosphorylate or catalyze the 
transfer of phosphate from ATP to serine or threonine residues on their substrates. The family is 
divided into three groups, depending on their sensitivity to different co-activators such as the lipid 
second messenger diacylglycerol (DAG), phorbol esters (functional analogs of DAG) and Ca2+, called 
classical, novel, and atypical PKCs. The sensitivity for Ca2+, phospholipids and DAG was discovered 
by the same group that discovered PKC (2,3).
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The Protein Kinase C

The PKC molecule consists of one amino(N)-
terminal regulatory half and one carboxy(C)-
terminal catalytic or kinase half separated by a 
proteolytically labile hinge region (V3) (Figure 
1). The catalytic domain is very similar to that of 
protein kinase A and protein kinas B (also know as 
Akt) (4-6). The PKC polypeptide consists of four 
conserved domains called C1 to C4, where each 
domain confers a special function to the protein, 
and fi ve variable (V1-V5) domains positioned in-
between the conserved domains (7-10). 12 PKC 
isoforms have so far been identifi ed and several 
reviews describe their structure, regulation and 
function (11,12). The classical or the conventional 
PKC isozymes, fi rst identifi ed (10,13), include 
α, βI and βII (products of alternative splicing) 
(14), and γ isoforms. The classical PKCs are 
sensitive to DAG, phosphatidylserine, and Ca2+. 
The novel PKC isozymes consists of δ, ε, η, and 
θ isoforms. They are structurally related to the 
classical PKCs but do not bind Ca2+ and have 
higher affi nity for diacylglycerol as compared to 
classical PKCs (15). The last group, the atypical 
PKCs, consists of ζ and ι/λ isoforms. These 
isozymes differ signifi cantly from the other two 
groups in the sense that they only have one C1 

domain insensitive to DAG/phorbol esters and no 
C2 domain (6,7). Additional kinases have been 
proposed to belong to the PKC family. The protein 
kinase C-related kinase (PRK) family of at least 3 
proteins (PRK1-3) is one such example (12,16). 
Another example is the phospholipid-dependent 
kinase called PKD/PKCµ, which shows close 
homology to the regulatory domain of the novel 
PKCs (17,18). 

The PKC Structure

Elucidating the structure of the intact full-length 
PKC molecule has been diffi cult, whereas the 
structure of individual domains, such as the two 
membrane-binding domains C1 and C2, have 
been easier to determine (19-27). Recently the 
relationships between  C1a, C1b, and C2 domains 
and the membrane or between individual domains 
and the catalytic domain were studied in an intact 
PKCδ crystal (28). 

The Pseudosubstrate
The pseudosubstrate is identical in all classical 
PKC isoforms and quite conserved among other 
isoforms and functions as an autoinhibitory 
domain by interacting with the C4 domain and  
maintaining PKC in an inactive state (7-9, 30). 
The pseudosubstrate was the fi rst sequence shown 
to be involved in an intramolecular inhibitory 
interaction in PKC (29). The pseudosubstrate 

FIGURE 1. Schematic overview of the domain composition of the PKC isoforms. Abbreviations: C, carboxy; C1-4, 
conserved; N, amino; PS, pseudosubstrate; V, variable.
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mimics the substrate consensus sequence except 
that it has an alanine instead of a phosphorylatable 
serine/threonine residue in its sequence. The 
pseudosubstrate consequently binds to the 
substrate binding site in the C4 domain without 
serving as a substrate (30). Upon binding of 
DAG or phorbol esters to the C1 domain, a 
conformational change of the PKC molecule 
leads to a relief of autoinhibition. 

The C1 Domain
The C1 domain consists of roughly 50 amino 
acids. It is often duplicated and the individual C1 
domains have been termed C1a and C1b. The C1 
domains bind diacylglycerol and phorbol esters, 
targeting the PKC molecule to the membrane, in 
all but the atypical PKCs (31) and depending on 
their ability to bind DAG/phorbol esters they are 
divided into either typical or atypical C1 domains. 
The C1 domains can also be divided into exposed 
and non-exposed C1 domains referring to the 
location of the C1 domain in the native full-length 
protein (32,33). 

The C1 domain is a compact, globular structure 
that contains a cysteine-rich motif that coordinates 
two Zn2+ atoms and stabilizes the C1 domain 
structure (34). The fi rst C1 domain structure to 
be determined was the one for PKCαC1b using 
NMR spectroscopy analysis (25). Later studies 
have revealed the structures of the PKCδC1b 
and PKCγC1b domains and a model for the C1 
domain has been established (Figure 2) (26,27). 
The binding pocket is located at the top of the 
C1 domain and consists of two unzipped β sheets 
that forms a ligand-binding hydrophilic groove 
surrounded by hydrophobic residues. When 
the C1 domain binds DAG/phorbol esters the 
hydrophobic residues in the C1 domain penetrate 
the membrane creating a contiguous hydrophobic 
surface without any conformational change 
(7,9,27,35-37). The penetration into the membrane 
and the following formation of a hydrophobic 
surface stabilizes the C1-membrane complex 
(38). The middle region of the C1 domain mainly 
contains positively charged residues that interact 
with the negatively charged phospholipids in the 
plasma membrane (32).

The equivalency of the C1a and C1b domains has 

long been under investigation and it has been 
found that usually only one of the repeats  bind 
DAG/phorbol esters and that the binding affi nity 
for the C1 ligands differs between individual C1 
domains and between C1 domains of different 
PKC isozymes (39-42). The atypical C1 domain 
differs in the structure compared to the typical 
C1 domains in that they lack the hydrophobic 
residues at the top of the C1 domain. In addition, 
the structure of the atypical C1 domain is not as 
fl exible as the typical C1 domains making them 
unable to form a binding pocket (43,44). They 
are also more positively charged due to four extra 
arginine residues at the top of the C1 domain 
(45). PKCs are not the only proteins having C1 
domains. Other proteins have been identifi ed 
containing a C1 domain and the fi rst one to be 
identifi ed was n-chimaerin later renamed α1-
chimaerin (46). Additional examples of C1-
containing proteins binding DAG, are members 
of the PKD family and the DAG kinase (DGK) 
family, and the Munc13 family of scaffolding 
proteins (47,48). However, many of these 
proteins lack a kinase domain and are therefore 
called “non-kinase” phorbol ester receptors (49). 
The C1 domains are involved in intramolecular 
interactions as well as protein-protein interactions 
contributing to targeting the PKC molecule to 
different subcellular localizations (32,50). 

The C2 Domain
The C2 domain is about 130 amino acids long and 
consists of eight anti-parallel β strands. It contains 
a recognition site for acidic phospholipids, 
such as phosphatidylserine, and, in classical 
PKC isoforms, a Ca2+-binding aspartate-lined 

PKC C1b PKCII C2 PKA kinase domain

phorbol ester Ca2+

turn motif

hydrophobic motif

activation loop

pseudosubstrate

FIGURE 2. 3-dimensional structure of the C1b domain, 
C2 domain (with bound Ca2+), and kinase domain.2+), and kinase domain.2+  Adap-
ted from (6).
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The V5 Region
The V5 region is very important in 
regulating the kinase activity of PKC, 
since it is here the two remaining 
phosphorylation sites regulating PKC 
activity are located (12). The V5 region 
contains a nuclear localization sequence 
(NLS) and is, like so many other PKC 
domains, also involved in intramolecular 
inhibitory interactions (58,59).

The PKC Regulation

Binding of DAG/Phorbol Esters and Ca2+

Ligand-binding to G protein coupled receptors 
such as growth factor, neurotransmitter or 
hormone receptors, tyrosine kinase receptors, 
and nonreceptor tyrosine kinases leads to PKC 
activation via two mechanisms involving either 
phospholipase C (PLC) or phospholipase D (PLD) 
(Figure 3). PLC mediates hydrolysis of inositol 
phospholipids such as phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) yielding DAG and 
inositol 1,4,5-trisphosphate (IP3), which causes 
release of intracellular Ca2+. PLD mediates 
hydrolysis of phosphatidylcholine, the principal 
phospholipid in the plasma membrane, yielding 
choline and phosphatidic acid, which in turn is 
converted into DAG by phosphomonoesterase 
(9,11). The DAG metabolism differs between 
the two different DAG products. DAG produced 
by PI(4,5)P2 hydrolysis is rapidly converted 
into phosphatidic acid by DGK, whereas DAG 
produced from phosphatidylcholine is slowly 
degraded by a specifi c lipase (60).

Upon activation, classical and novel PKCs 
translocate from the cytosol to the membranes 
by binding to DAG/phorbol esters. DAG/phorbol 
esters serve as hydrophobic anchors to recruit 
PKC to the membranes as well as enhancing 
the affi nity of PKC for phosphatidylserine by 
decreasing the Ca2+ concentration needed for 
phosphatidylserine-binding (31,61-63). For PKC 
to become fully activated the pseudosubstrate 

FIGURE 3. Illustration of the activation of classical and novel 
PKCs. DAG, Ca2+ and phosphorylation regulate PKC activity.
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cleft (Figure 2) (9,35,37). These aspartates 
are not present in C2 domains that do not bind 
Ca2+explaining why novel PKCs are calcium-
insensitive and have low sequence homology 
to the C2 domains of classical PKC isoforms 
(51). Ca2+ functions as a link between the C2 
domain and anionic phospholipids by inducing 
a conformational change of the C2 domain that 
enables the C2 domain to bind phospholipids and 
by increasing the affi nity for negatively charged 
lipids (35,52). The classical PKC isoforms can be 
differentially regulated by changing the amount 
of calcium released upon receptor stimulation 
(53). 
Many other proteins also contain C2 domains 
and when comparing C1 and C2 domains the C2 
domains show much more functional diversities 
(12,35). The C2 domains are also involved in both 
intra- and intermolecular interactions important 
for PKC activation, translocation, substrate-
binding and anchoring (54). Interactions between 
C1 and C2 domains of different PKC isoforms 
have been shown to stabilize and activate the 
PKC isoforms involved in the interaction (55).

The C3 and C4 Domains
The C3 and C4 domain together constitute the 
catalytic domain and as much as 60% of this 
domain is shared between the different PKC 
isoforms (Figure 2) (56). The C3 domain contains 
the ATP-binding site and this site is the target for 
most PKC inhibitors (7,8). Replacing a conserved 
lysine residue in the ATP-binding site leads to a 
catalytically inactive kinase (57). The C4 domain 
contains the active site or the substrate-binding site 
and one of three PKC-regulatory phosphorylation 
sites, the autophosphosphorylation site (7,8). 
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has to be removed from the C4 domain (9). 
This occurs when the C1 domain binds DAG/
phorbol esters and the interaction also stabilizes 
an open conformation of the PKC molecule 
making the catalytic domain accessible for 
substrate binding and phosphorylation (4,62). 
In the absence of C1 ligands no selectivity for 
negatively charged head groups in acidic lipids 
can be observed (64). Binding of the C2 domain 
to phosphatidylserine does not in itself cause 
activation or pseudosubstrate release. 

Other views about the precise pathway by which 
PKC becomes activated includes one that suggests 
that activation of classical PKCs is initiated by 
Ca2+-binding, which increases the affi nity for 
phosphatidylserine and followed by binding to 
DAG at the plasma membrane (65). A third model 
speaks for an independent relationship between 
the C1 and C2 domains, targeting the membrane 
independently of each other (66). 

PKC Phosphorylation

PKC is, in addition to ligand interactions, also 
regulated by phosphorylation (67). PKC has 
been shown to be autophosphorylated in vitro 
(68,69) and phosphorylated on at least three sites 
in vivo (Figure 2) (70,71). The fi rst step includes 
transphosphorylation of a residue located in 
the kinase activation loop critical for enzyme 
activation (70-73). This phosphorylation site is 
thought to be hidden when the pseudosubstrate is 
bound to the active site and needs to be exposed 
to become phosphorylated (70). The second 
and third steps involve autophosphorylation of 
two C-terminal residues termed the turn motif 
and hydrophobic site. The hydrophobic site is 
present in many other kinases (70,71). However, 
phosphorylation of PKC only primes PKC 
during protein maturation and PKC still needs to 
interact with second messengers to become fully 
activated. Most PKC isoforms in resting cells 
are phosphorylated on all three phosphorylation 
sites, speaking for the phosphorylation events 
only being part of the PKC maturation and not in 
PKC regulation (9).

The activation loop is phosphorylated by the 
phosphoinositide-dependent kinase (PDK-1) at 

the same time as it associates with the C-terminal 
of PKC (74-76). The PDK-1-association is thought 
to prevent PKC autophosphorylation and PDK-1 
has to dissociate for autophosphorylation to occur. 
Autophosphorylation is also regulated by the fact 
that HSP70 also binds the C-terminal of PKC. This 
balance between HSP70 and PDK-1 binding not 
only protects PKC against dephosphorylation but 
also against degradation (77,78). PKCs become 
dephosphorylated upon chronic activation, which 
speaks for dephosphorylation being a way of 
modulating PKC function (4).

The phosphorylation motifs have been shown 
to be involved in an intramolecular clamp with 
the N-terminal part of the kinase as well as in an 
intramolecular interaction with the C2 domain 
(59,79). 

PKC Activators

Phorbol esters were shown in the early eighties 
to activate and translocate PKC to different 
cellular compartments (80) and have since been 
extensively used as PKC activators (7). 12-
O-tetradecanoylphorbol-13-acetate (TPA) or 
phorbol 12-myristate 13-acetate (PMA) is the 
most frequently used phorbol ester and it has 
been one of the most valuable pharmacological 
tools in the study of carcinogenesis due to their 
effects as tumor promoters. TPA mediates PKC 
activation by binding competitively with DAG 
to the C1 domain causing an open conformation 
of PKC allowing for substrate-binding (27). 
Some caution should be made when using TPA 
for studying PKC effects, since other proteins 
than PKCs also are sensitive to this compound 
(12). Prolonged exposure to TPA and other 
phorbol esters leads to dephosphorylation and 
eventually downregulation of activated PKC 
by ubiquitination and proteasomal degradation 
(81,82). 

PKC Inhibitors

The lack of selectivity among PKC inhibitors due 
to high similarity between the kinase domains 
of the different PKC isoforms has resulted in 
diffi culties when specifi c PKC isoforms need 
to be inhibited and has also prohibited the use 
of inhibitors as therapeutic agents (30). Most
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inhibitors target the ATP-binding site and 
this site is highly conserved among the PKC 
isoforms. Most PKC inhibitors belong to the 
indolocarbazol and the staurosporine-derived 
bisindolylmaleimide classes. Gö6976 belongs to 
the fi rst class inhibiting classical PKCs, whereas 
GF109203X (also called bisindolylmaleimide I) 
belongs to the second class inhibiting all PKCs 
as well as other protein kinases (7). Calphostin C 
is another PKC inhibitor that instead of targeting 
the ATP-binding site targets the PKC C1 domain 
and impairs DAG/phorbol ester binding (83). 
Metabolites from the sphingolipid metabolism 
are inhibitory second messengers for PKC. 
Sphingosine interacts with the regulatory domain 
of PKC and inhibits its activity either by interfering 
with the PKC-binding to phosphatidylserine or  
DAG (84). 

Since most PKC isoforms are activated and 
inhibited by similar mechanisms, there is a need to 
develop compounds that infl uence PKC function
in an isoenzyme-specifi c way. One approach has

been to identify molecules that PKC-specifi cally 
either disturb anchoring or translocation of PKC 
(85). This has been accomplished by designing 
peptides that interfere with protein-protein 
interactions and peptides derived from the C2 
domain of PKCβ, PKCδ, and PKCε have been 
shown to specifi cally inhibit translocation and 
function of the PKC isoforms they derive from 
(86,87). 

Kinase-inactive or regulatory domains of PKCs 
are commonly used as dominant-negative 
inhibitors, but the high sequence similarity 
among the different PKC isozymes and the little 
knowledge about the intracellular targets of the 
constructs makes the use of these inhibitors 
questionable (48). 

The PKC Expression and Function

PKCα, βI, βII, δ, ε, and ζ are quite ubiquitously 
expressed and can be found in most tissues, 
whereas PKCγ, η, and θ are more restricted in their 
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FIGURE 4. Examples of signaling pathways PKCs are involved in. The specifi c PKC effect depends on stimuli, cell 
type and isozyme-specifi c interaction partners. Abbreviations: JNK, c-JUN N-terminal kinase; ERK, extracellular 
signal-regulated kinase; IκB, inhibitor of κB; IKK, IκB kinase; MAPK, mitogen-activated protein kinase; MEK, mito-
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kinase B; STAT, signal transducer and activator of transcription. Modifi ed from (48).
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expression (88-90). Of the PKC isoforms, PKCα 
is believed to be the most ubiquitously expressed 
PKC isoform (91). PKCs are involved in many 
normal cellular processes such as proliferation, 
differentiation, survival, and motility (Figure 4) 
(92-94). However, the PKC family has also been 
coupled to many other processes like cancer, pain 
sensation, diabetes, heart attack, stroke, heart 
failure, angiogenesis and the immune response 
(95). 

PKC function depends on cell type and different 
subcellular localization of both PKC and its 
substrates (8,61,96,97). One PKC isoform can 
have one effect in one cell and another effect in 
another cell. In addition, the PKCs often have 
opposite effects to each other, complicating the 
analysis when trying to map a specifi c function to 
a specifi c isoform. Several approaches have been 
made to elucidate the roles of individual PKC 
domains in regulating PKC-specifi c functions. 
Construction of chimera proteins has helped to 
elucidate some unique PKC-specifi c domain 
functions. For example has the regulatory domain 
of PKCε been shown to have both a growth-
promoting and a neurite-inducing effect, whereas 
the catalytic domain confers tumorigenicity. The 
regulatory domain of PKCα and PKCδ inhibits 
cell growth (98-100). 

PKC Interactions

How can a protein that is a member of a group 
of proteins that share so many similarities, 
mediate unique cellular functions? The answer 
is by interacting with other proteins and these 
proteins  regulate localization and function 
of PKC isozymes by several means (Figure 
5). Some target PKCs to their proper cellular 
localizations in response to specifi c receptor-
mediated activating signals. Some bring PKCs 
close to their substrates preventing inappropriate 
phosphorylations and others transport PKCs 
between different subcellular compartments. 
PKC-interacting proteins also help to integrate 
signals from different signaling pathways 
(96,114). Two categories of proteins function to 
bring PKCs close to their substrates (85). These 
are collectively called STICKs (substrates that 
interact with C-kinase) and RACKs (receptors for 

activated C-kinase). STICKs are phospholipid-
binding proteins that are located in the interface 
between membranes and cytoskeletal structures 
and found in several different subcellular 
compartments. Phosphorylation of STICKs by 
PKC leads to a functional change of the STICKs, 
affecting cell morphology, adhesion, and cell 
spreading. STICKs bind transiently in vivo to 
the regulatory domain of PKCs and they are, at 
least in vitro, not isozyme-specifi c (96). RACKs 
selectively bind to a specifi c sequence in the 
regulatory domain. They were the fi rst proteins 
identifi ed as PKC-anchors and they function 
to anchor translocated active PKC to specifi c 
membranes but are not substrates (115). The 
C2 domain of PKC has been shown to contain 
a 6-10 amino acid long sequence identical to the 
sequence found in the PKC-interacting RACK 
and has therefore been named pseudo-RACK 
(30,87). Binding to RACK enhances the catalytic 
activity of PKC by inhibiting the intramolecular 
interaction between the pseudo-RACK and 
the RACK-binding site  stabilizing the active 
conformation of PKC. The fi rst PKC-selective 
RACK to be cloned was the PKCβII-selective 
RACK1 (116). RICKs (receptors for inactive C-
kinase) are additional PKC-interacting proteins 
that are not PKC substrates (85). 

A wide variety of PKC-interacting proteins with 
diverse functions have been identifi ed illustrating 
the plethora of processes in which PKC is involved. 
Proteins, lipids, and second messengers have all 
been identifi ed to bind different domains in PKC 
and some of the interacting proteins are PKC 
specifi c and PKC substrates, others are not. PKCs 
interact with many cytoskeletal proteins and many 
of these are also PKC substrates suggesting an 
important role for PKC in cytoskeletal regulation 
(117,118). 
PKCα interacts with many proteins involved in 
actin cytoskeleton regulation. PKCα specifi cally 
interacts with the actin-bundling protein fascin 
via its C1b domain and functions as a negative 
regulator of cell motility (119). PKCα also 
interacts with βI integrin via its V3 hinge region 
having positive infl uence on actin assembly and 
βI integrin expression (120,121). PKCα is also 
involved in activating the stress fi ber-mediating 
protein RhoA through binding to syndecan-4 
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during focal adhesion formation (122). 
PKCβII specifi cally interacts with percentrin, 
a protein that anchors the microtubules to the 
centrosome, via its C1a domain. The interaction is 
important for bringing PKCβII to the centrosome 
and  inhibition of the interaction disrupt spindle 
formation and cell division (123). 
PKCδ specifi cally binds the neuronal protein 
GAP-43 via its C2 domain and PKCδ has also 
been shown to interact with phosphotyrosine 
peptides via this domain (124,125). 
PKCε specifi cally interacts with the 
metalloprotease ADAM12 via two interacting 
sites located in the C1 and C2 domain and 
regulates the cell surface expression of ADAM12 
(126). In addition, both PKCε and PKCβII 
contain F-actin-binding sites in their V3 region 
and V5 region, respectively (127-130). Binding 
to F-actin promotes PKC activation by keeping 
PKC in an open catalytically active conformation 
and infl uencing PKC localization (128). PKCε 
also mediates an important protective role under 
cardiac ischemia by binding to the Src family 
member called Lck (131).
PKCζ specifi cally binds to tubulin through its 
pseudosubstrate and the interaction is important 
for PKCζ function (132). 

Many PKC isozymes bind the conserved, 
ubiquitously expressed 14-3-3 family of 
scaffold proteins but so far the importance of 
these interactions in PKC signaling is not fully 
understood. There are indications of the 14-3-3 
proteins both having PKC activity inhibiting as 
well as enhancing effects (133,134). PKCγ, ε, θ, 
and µ have all been found to bind 14-3-3 proteins 
via their C1 domains. Some members of the 14-3-
3 family bind selectively to specifi c PKCs, others 
show no PKC selectivity (135-138).

Other proteins have also been found to bind PKCs 
unspecifi cally, such as the Bruton tyrosine kinase 
(Btk) that interacts with the C1 domain as well 
as the catalytic domain in several PKC isoforms 
(139,140).

PKC-Defi cient Mouse Models

PKC-knockout mice have been established in 
an attempt to understand individual functions of 
PKC. However, a problem with studying PKC-
knockout mice is the question of functional 
redundancy between the different PKCs. In 
addition, most studies on PKC defi ciency have 
been done in specifi c settings like the effects 
on the immune system and in colorectal cancer 
(141,142). Different effects on the immune system 
have been observed for mice lacking different 
PKC isoforms. For example, mice defi cient for 
PKCβI, βII, and δ have aberrant regulation of B-
cell activation and proliferation whereas PKCθ-
defi cient mice have impaired T-cell activation 
(143,144). PKCε knockout mice show impaired 
macrophage function leading to lowered response 
to bacterial infections and increasing mortality as 
a consequence (145). No adverse phenotype has 
so far been discovered in PKCα-defi cient mice 
(91). The roles of PKCs have been investigated in 
colorectal cancer by crossing PKC defi cient mice 
with mice prone to develop colorectal cancer. In 
a more cancer susceptible environment, PKCα 
defi ciency enhances cancer progression by 
upregulating EGFR signaling, whereas PKCζ 
does not further potentiate the cancer phenotype. 
This is probably due to compensatory properties 
of PKCι/λ. PKCι/λ knockouts on the other hand 
are embryonic lethal (141).

FIGURE 5. PKC function is regulated by PKC-interac-
ting proteins that enable isoform-specifi c functions. The 
PKC-interacting proteins can 1) bring PKCs close to up-
stream activators; 2) transport different PKCs to different 
cellular compartments such as the cytoskeleton; 3) func-
tion as isoform-specifi c substrates or as scaffolds bring-
ing PKCs close to their substrates; or, 4) form signaling 
complexes together with PKCs to enable isoform-specifi c 
signaling. Modifi ed from (114). 
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PKCs in Cancer

Dysregulation of PKC signaling may be one 
factor leading to uncontrolled cell proliferation 
and neoplastic transformation (7). Several PKC 
isoforms have been shown to mediate pathways 
important for tumorigenesis. Cell invasion has 
been shown to be mediated through PKCα, βI and 
II, or ε depending on tumor being investigated 
(101-103). PKCβII has been shown to induce 
hyperproliferation in colonic epithelium (104). 
PKCα and PKCε have in addition to tumor cell 
invasion also been implicated in regulating tumor 
growth and metastasis (105-109). However, 
targeting PKCs in cancer is quite complex, since 
the family consists of many members who could 
and probably have opposing effects and many 
PKCs have different functions in different cell 
types (107,110,111). For example, PKCε has 
been shown to be both pro-survival as well as 
pro-apoptotic (112,113). It would be ideal if a 
specifi c isoform in a certain cancer type could be 
targeted  to inhibit its pro-tumorigenic properties 
and limit cancer spread (91). 
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The Neuronal Cell: 
Morphology and Pathogenesis

The nervous system consists of the central and 
peripheral nervous system (CNS and PNS). CNS 
includes the brain and spinal cord, whereas PNS 
refers to the somatic and autonomic nervous 
system. The somatic nervous system includes 
sensory and motor neurons. The autonomic nervous 
system, which control involuntary functions, 
can be further divided into a sympathetic and a 
parasympathetic part. During the development of 
the central and peripheral nervous systems many 
neurons undergo apoptosis and they also grow, 
remove and add neuronal processes and synapses 
all through life as part of a learning process 
(146). In contrast to many other cells, neurons 
are supposed to survive for the entire lifetime of 
the organism.

Morphology and Development

One of the hallmarks of a mature, terminally 
differentiated neuron is the cell shape (Figure 
6). It consists typically of a cell body with 
unusually long cytoplasmic processes where the 
longest  is called the axon. In comparison, the 
immature neuron called neuroblast is small and 
round without processes and markers for neural 
differentiation. During the development of the 
nervous system the neurons have to migrate to 
their proper locations, differentiate, polarize, 
extend and their axons and dendrites have to 
be guided into right regions and form synapses 
with appropriate targets (147,148). All of these 
processes depend on the neuron’s ability to 
respond to extra- and intracellular cues. The axon 
has to travel a long way, in humans as far as up to 
one meter, to synapse with their target cells and 
the dendrites have to undergo extensive growth 
and branching. The Notch signalling  pathway 
has been shown to regulate dendritic growth and 
branching (149). At the tip of neuronal processes 
a specialized structure called the growth cone 
leads and directs the growth of the processes. The 
growth cone has an amoeboid movement due to 
actin assembly and disassembly of lamellipodia

and fi lopodia that senses environmental cues 
(146,148). The lamellipodia and fi lopodia located 
in the right direction are stabilized by increasing 
cell adhesion and cytoskeletal stability (150). The 
axons and dendrites, important for receiving and 
transmitting electrical signals, are two distinct 
parts of the neuron and they differ in their protein 
and organelle composition. The axons are long and 
thin and of the same width, whereas the dendrites 
are short, thinner at their tips and heavily branched. 
Axons contain neurotransmitters in synaptic 
vesicles that they release at axon terminals upon 
stimulation, whereas dendrites contain receptors 
for released neurotransmitters (147). 

The Role of the Cytoskeleton

Three distinct intracellular fi laments constitute the 
cytoskeleton including the actin microfi laments 
(MFs), microtubules (MTs), and intermediate 
fi laments (IFs). Both the actin fi laments and 
the microtubules are essential for the cell and 
both are arranged so that the subunits give the 
fi laments directionality. MFs are important 
for maintaining cell shape, structure, motility 
and transducing signals in signaling pathways, 
whereas MTs are involved in mitosis, motility, and 
intracellular transport (159,160). Much research 
has focused on the importance of microfi laments 
and microtubules during neuronal development 
(161). Actin microfi laments are expressed at the 
edges of growth cones whereas microtubules 
mainly are localized to the central parts of growth 
cones (162). IFs constitute together with MTs the 
principal fi lamentous network in the axon and 
other  neuronal processes. 

dendrites

cell body

axon

axonal growth cone

FIGURE 6. Schematic picture of a neuronal cell during 
development. The axonal growth cone is marked at the tip 
of the axon. 
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The Intermediate Filaments

IFs have received their name because the fi lament 
size (10-12 nm) is intermediate in size of the 
other two fi laments (159,172). The family of IFs 
is one of the largest gene families in the human 
genome and it consists of at least 67 genes (173). 
The IF proteins are divided into six groups (type 
I-VI) or four groups (A-D) depending on if the 
IFs are grouped according to genetic sequence 
or protein polymerization (174,175). The IF 
expression patterns are cell- and tissue-specifi c, 
which means that each cell type has a specifi c 
IF protein composition. IF expression patterns 
also correlate to a tissue’s differentiation state 
and the expression might therefore be under the 
regulation of different growth and differentiation 
factors (176). Unlike MFs and MTs, IF proteins 
are rod-shaped with a N-terminal globular head 
domain, a central conserved α-helical domain of 
fi xed length (either ~310 or ~352 residues long) 
and a C-terminal nonhelical tail domain (177). 
Both the head and tail domains differ in length 
and primary structure between the different IF 
proteins and conduce the diversity observed in 
this family (174,178). They self-assemble into 
apolar fi laments without any necessity of ATP 
or GTP and the fi laments generally connect the 
plasma membrane with the nucleus (159,179). 
Whereas the central rod domain helps with the 
self-assembly, the N-terminal domain and the 
C-terminal domain, projecting from the fi lament 
core, are involved in IF regulation and protein-
protein-interactions (174). Both ends contain 
regulatory phosphorylation sites. IFs have 
been found to be rather dynamic, but are still 
considered to be the most stable fi lament of the 
three cytoskeletal fi laments. Many functions have 
been ascribed to the IFs, but they mainly function 
as supportive scaffolds. IF proteins  are also 
important for various signaling pathways such 
as apoptotic signalling, mediating cytoskeletal 
crosstalk, and relaying signals from plasma 
membrane to nucleus, but also for processes like 
protein synthesis, mechanical stress protection, 
and cell migration (159,180-183). IFs also play 
crucial roles for the positioning of organelles, 
contributing to their shape and function, as well as 
for targeting proteins to right subcellular locations 
(184). During the neuronal development, IF 

proteins have different roles refl ected by different 
localizations and expression patterns during  
different stages of development (163,164). 
Immature, undifferentiated neuronal cells only 
express vimentin (165). Developing neuroblasts 
express IF proteins like nestin, α-internexin, and 
peripherin (166-168). Differentiation into mature 
neurons with axons triggers the expression of the 
neurofi lament triplet proteins (NFTPs) (169). The 
NFTPs seem to be crucial for axon caliber in the 
mature axon (170). Mouse knockout experiments 
of individual IF genes do not have any severe 
effects on the development of the nervous system, 
axonal outgrowth proceeds as normal but some 
subsets of neurons are diminished (171). 

Peripherin
Peripherin is a 58 kDa intermediate fi lament 
protein that was fi rst identifi ed in neuroblastoma 
and pheochromocytoma cell lines and initially 
only thought to be expressed in the neurons of the 
PNS (168,225,226). Later it has become apparent 
that neurons of the CNS having axonal projections 
towards peripheral structures, such as motor and 
sensory neurons, also express peripherin (227). 
Even some neurons having their entire cellbody 
and processes within the CNS, like neurons in the 
cerebellum, express peripherin (228). Peripherin 
belongs to the type III intermediate fi lament 
proteins together with GFAP, desmin and vimentin 
(177). Peripherin is fi rst assembled into insoluble, 
nonfi lamentous particles and then transported to 
the right location in the cell where it assembles 
with pre-existing fi laments. Peripherin can either 
constitutes an IF network alone or together with 
the NFTPs (229,230). Three peripherin isoforms 
have been described in mice, having molecular 
weights of 56, 58 and 61 kDa, respectively (231). 
The 58 kDa variant is primarily expressed in 
vivo, whereas the 61 kDa variant is very toxic 
and causes peripherin aggregate formation 
and cell death when overexpressed in cultured 
neuronal cells (232). However, the splicing event 
that results in the 61 kDa variant is unlikely to 
occur in human (233).

The biological function of peripherin is not yet 
fully understood. Peripherin mRNA and protein 
expressions increase after nerve injury, which 
might refl ect a role in neuron regeneration (234-

18

The Intermediate Filaments

IFs have received their name because the fi lament 
size (10-12 nm) is intermediate in size of the 
other two fi laments (159,172). The family of IFs 
is one of the largest gene families in the human 
genome and it consists of at least 67 genes (173). 
The IF proteins are divided into six groups (type 
I-VI) or four groups (A-D) depending on if the 
IFs are grouped according to genetic sequence 
or protein polymerization (174,175). The IF 
expression patterns are cell- and tissue-specifi c, 
which means that each cell type has a specifi c 
IF protein composition. IF expression patterns 
also correlate to a tissue’s differentiation state 
and the expression might therefore be under the 
regulation of different growth and differentiation 
factors (176). Unlike MFs and MTs, IF proteins 
are rod-shaped with a N-terminal globular head 
domain, a central conserved α-helical domain of 
fi xed length (either ~310 or ~352 residues long) 
and a C-terminal nonhelical tail domain (177). 
Both the head and tail domains differ in length 
and primary structure between the different IF 
proteins and conduce the diversity observed in 
this family (174,178). They self-assemble into 
apolar fi laments without any necessity of ATP 
or GTP and the fi laments generally connect the 
plasma membrane with the nucleus (159,179). 
Whereas the central rod domain helps with the 
self-assembly, the N-terminal domain and the 
C-terminal domain, projecting from the fi lament 
core, are involved in IF regulation and protein-
protein-interactions (174). Both ends contain 
regulatory phosphorylation sites. IFs have 
been found to be rather dynamic, but are still 
considered to be the most stable fi lament of the 
three cytoskeletal fi laments. Many functions have 
been ascribed to the IFs, but they mainly function 
as supportive scaffolds. IF proteins  are also 
important for various signaling pathways such 
as apoptotic signalling, mediating cytoskeletal 
crosstalk, and relaying signals from plasma 
membrane to nucleus, but also for processes like 
protein synthesis, mechanical stress protection, 
and cell migration (159,180-183). IFs also play 
crucial roles for the positioning of organelles, 
contributing to their shape and function, as well as 
for targeting proteins to right subcellular locations 
(184). During the neuronal development, IF 

proteins have different roles refl ected by different 
localizations and expression patterns during  
different stages of development (163,164). 
Immature, undifferentiated neuronal cells only 
express vimentin (165). Developing neuroblasts 
express IF proteins like nestin, α-internexin, and 
peripherin (166-168). Differentiation into mature 
neurons with axons triggers the expression of the 
neurofi lament triplet proteins (NFTPs) (169). The 
NFTPs seem to be crucial for axon caliber in the 
mature axon (170). Mouse knockout experiments 
of individual IF genes do not have any severe 
effects on the development of the nervous system, 
axonal outgrowth proceeds as normal but some 
subsets of neurons are diminished (171). 

Peripherin
Peripherin is a 58 kDa intermediate fi lament 
protein that was fi rst identifi ed in neuroblastoma 
and pheochromocytoma cell lines and initially 
only thought to be expressed in the neurons of the 
PNS (168,225,226). Later it has become apparent 
that neurons of the CNS having axonal projections 
towards peripheral structures, such as motor and 
sensory neurons, also express peripherin (227). 
Even some neurons having their entire cellbody 
and processes within the CNS, like neurons in the 
cerebellum, express peripherin (228). Peripherin 
belongs to the type III intermediate fi lament 
proteins together with GFAP, desmin and vimentin 
(177). Peripherin is fi rst assembled into insoluble, 
nonfi lamentous particles and then transported to 
the right location in the cell where it assembles 
with pre-existing fi laments. Peripherin can either 
constitutes an IF network alone or together with 
the NFTPs (229,230). Three peripherin isoforms 
have been described in mice, having molecular 
weights of 56, 58 and 61 kDa, respectively (231). 
The 58 kDa variant is primarily expressed in 
vivo, whereas the 61 kDa variant is very toxic 
and causes peripherin aggregate formation 
and cell death when overexpressed in cultured 
neuronal cells (232). However, the splicing event 
that results in the 61 kDa variant is unlikely to 
occur in human (233).

The biological function of peripherin is not yet 
fully understood. Peripherin mRNA and protein 
expressions increase after nerve injury, which 
might refl ect a role in neuron regeneration (234-



19

238). Peripherin has its highest expression during 
early neuronal development. One potential role 
for peripherin during neuronal development 
might be in axonal guidance and outgrowth, since 
peripherin is expressed in neurons projecting their 
axons outside the CNS and studies performed 
in Xenopus embryos show peripherin being 
expressed in the distal region of the extending 
axon (164,230,239,241). In humans, all sensory 
neurons express peripherin and the majority of 
these possess thin unmyelinated axons and in the 
peripherin null mice fewer unmyelinated sensory 
axons are observed (245). Peripherin is also 
suggested to have a role in neuronal branching 
and branch stabilization, since a disruption of 
the peripherin network severely affects the axon 
sprouting capacity of  affected neurons (240). 
Stimulation of rat pheochromocytoma PC12 
cells, a cell line with high peripherin expression 
and widely used for studies on peripheral 
neurons, with NGF induces differentiation with 
neurite outgrowth and increased peripherin 
protein expression as a consequence (242). The 
importance of peripherin is further confi rmed by 
the observation that downregulation of peripherin 
impairs processes like neurite initiation, 
extension, and maintenance in PC12 cells (243). 
However, there is contradictory work stating that 
knockdown of peripherin expression has no effect 
on NGF-induced neurite outgrowth in PC12 cells 
(244). In addition, peripherin knockout mice 
do not display any disruptions of processes like 
development, survival, and reproduction and 
seems to be indispensible for axogenesis.  The 
pro-infl ammatory cytokine tumor necrosis factor 
(TNF) α as well as other infl ammatory cytokines 
like interleukin-6 (IL-6) and leukemia inhibitory 
factor have been shown to upregulate peripherin 
expression (246-249). Exposure to ischemia 
induces peripherin expression in otherwise 
peripherin silent neurons (250). 

Peripherin has been shown to be mainly 
phosphorylated on serine/threonine residues in 
its N-terminal half, like other class III IF proteins 
(251-253). However, there is evidence for tyrosine 
phosphorylation in the C-terminal of peripherin 
as well (251). TPA has been shown to increase 
peripherin phosphorylation and vimentin, a 
close homologue to peripherin, has been shown 

to be phosporylated by PKC (242,254,255). 
Phosphorylation of vimentin leads to disassembly 
of the IF, whereas dephosphorylation allows for 
spontaneous self-assembly (159). However, 
peripherin is also phosphorylated during 
NGF-stimulation and this phosphorylation is 
independent of PKC activation (242). Peripherin 
was recently found to be a novel Akt substrate 
in neurons and the phosphorylation site, a serine 
residue in the head domain, was identifi ed 
(235). How phosphorylation exactly regulates 
peripherin function is still not known. A member 
of the 14-3-3 family has been shown to bind the 
IF protein GFAP in a phosphorylation-dependent 
manner, speaking for phosphorylation creating 
new binding-sites for proteins important for IF 
dynamics (256). 

Peripherin has been found in the majority of  
IF inclusion bodies seen in motor neurons of 
amyotrophic lateral sclerosis (ALS) patients, 
but also in other neurodegenerative disorders 
like Parkinson’s disease (238,257,258). Whereas 
peripherin defi ciency does not lead to a severe 
phenotype, overexpression of peripherin in 
mice leads to a pathogenesis similar to that of 
ALS with the formation of peripherin inclusions 
and ultimately death of spinal motor neurons 
(259,260). The peripherin aggregates also seem 
to work in synergy with pro-infl ammatory 
cytokines like the TNF-α to induce neuronal 
cell death (248). There might be an inverse 
relationship between the NFTPs and peripherin, 
since co-overexpression of the neurofi lament 
protein NF-H prevents motor neuron loss seen in 
peripherin-overexpressing mice (261). In addition 
to neurodegenerative diseases, mutations of the 
IF genes have been found to be the cause of at 
least 30 different disorders like premature ageing, 
severe tissue fragility, and myopathies (262,263). 
Peripherin has also been found to be expressed in 
pancreatic islet β cells and suggested as a possible 
autoantigen in type 1 diabetes (264).
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Regulators of Neuronal Processes

The RhoGTPases

The family of RhoGTPases has been shown to be 
involved in the neuronal developmental processes 
mentioned earlier (148,151). The RhoGTPases 
regulate dynamic changes of the actin cytoskeleton 
by transducing signals from extracellular stimuli 
(148). The RhoGTPases cycle between a GDP-
bound inactive state and an active GTP-bound 
state. The guanine nucleotide exchange factors 
(GEFs) activate the RhoGTPases by facilitating 
the replacement of GDP to GTP, whereas the 
GTPase activating proteins (GAPs) inactivates 
the RhoGTPases by enhancing the intrinsic 
GTPase activity of the GTPases hydrolysing the 
GTP to GDP (152). The Rho family is further 
divided into three major groups where Rac1, 
Cdc42, and RhoA are the main members and the 
effects on the actin cytoskeleton differs between 
the members. In fi broblasts, Rac1 induces the 
formation of lamellipodia (ruffl ed membranes), 
Cdc42 induces fi lopodia (small protrusions), and 
RhoA induces stress fi bers (fi lament bundles) and 
regulates focal adhesions (153-156). Rac1 and 
Cdc42 are positive regulators of neurite outgrowth 
and promote growth cone formation, whereas 
RhoA is a negative regulator that triggers growth 
cone collapse and neurite retraction in neuronal 
cells (157,158).

The PKCs

Neurites are the general name for processes (axons 
and dendrites) extending from neuronal cell 
bodies. Initiation, extension, and maintenance of 
neurites involve coordinated processes of different 
cytoskeletal proteins and the PKC family was early 
implicated to be involved in neurite outgrowth 
regulation (118,185). Treating neuroblastoma 
cell lines like SK-N-BE(2)C with retinoic acid 
(RA) or stably TrkA-transfected SH-SY5Y with 
nerve growth factor (NGF) are two established 
differentiation model systems commonly used 
(186-188). The human neuroblastoma cell line 
SK-N-BE(2)C originates from the SK-N-BE(2) 
cell line, which was isolated from the bone 
marrow of a 22-month-old male boy 1972. They 
are neuroblast-like, have small neurite-like 

processes, a nonfunctional, mutated p53, and a 
MYCN amplifi cation (189). PKCα, βII, δ, and 
ε are highly expressed in human neuroblastoma 
cells (100). PKC-activating phorbol esters have 
been shown to stimulate differentiation and induce 
neurite outgrowth in several neuroblastoma 
cell lines (190,191). TPA also potentiates NGF-
stimulated neurite outgrowth (191). Ethanol is 
another agent shown to increase NGF- or basic 
fi broblast growth factor (bFGF)-stimulated 
neurite outgrowth in PC12 cells by increasing the 
levels of PKCδ and PKCε (192,193). Induction 
of differentiation of LAN-5 neuroblastoma cells 
also leads to increased PKCε levels compared to 
levels of PKCα, γ, δ, and ζ (194). However, there 
are also reports showing contradictory results 
where induced differentiation of either SK-N-
BE(2)C cells with RA or SH-SY5Y/TrkA cells 
with NGF does not lead to any increase in PKCε 
protein expression (130,195). In addition, PKCα, 
as well as PKCε, has also been reported to be 
upregulated during neuronal differentiation as 
well as enriched in the growth cones (196). Both 
PKCδ as well as PKCε have been shown to be 
neuritogenic and the regulatory domains from the 
novel PKC isoforms δ, ε, and η all induce neurite 
outgrowth (130,195,197-201). Cellular processes 
have been induced in other cell types in addition 
to neuroblastoma cells, such as immortalized 
hippocampal neural precursor HiB5 cells and 
fi broblasts, and the ability to extend long processes 
is not something unique for neuronal cells but is 
rather a general process happening in many cell 
types (202-204). 

PKCε
However, full-length PKCε is the only isoform 
that has been shown to induce neurite outgrowth 
and much research has focused on elucidating the 
mechanism whereby PKCε mediates this effect. 
PKCε is expressed in most tissues and cells, but 
with a higher expression in neuronal, hormonal, 
and immune cells and PKCε is the main PKC 
isoform being expressed in the central nervous 
system (205-207). Deleting the actin-binding 
motif in the full-length PKCε abrogates the 
neurite-inducing ability of PKCε but targeting 
PKC to the membrane restores the neurite 
inducing capacity. The importance of the link 
between actin and PKCε is further supported by 
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the observed increase in PKCε-actin-association 
during neuronal development and the fact that the 
neurite-inducing capacity seem to be dependent on 
Cdc42 (130,195,197,208). The neurite-inducing 
capacity of PKCε is dependent on extracellular 
stimuli, since removing serum from the medium 
diminishes its ability to induce neurites (130). In 
addition to being involved in neurite outgrowth-
induction, PKCε has been shown to be involved 
in many other cellular processes such as 
proliferation, differentiation, gene expression, 
muscle contraction, mechanical force adaptation, 
metabolism, transport, exocytosis, endocytosis 
and other infl ammatory, immune, and circular 
functions (see(205) and references therein).

 The neurite outgrowth-inducing capacity of PKCε 
is independent of its catalytic activity and the 
regulatory domain of PKCε is even a more potent 
neurite-inducer than full-length PKCε (130). The 
region encompassing the pseudosubstrate, the two 
C1 domains, and parts of the V3 region (PSC1V3) 
in the regulatory domain is more neuritogenic 
than the regulatory domain. This construct can be 
used as a dominant negative inhibitor of neurite 
outgrowth induced by differentiation agents 
(201). Furthermore, we have previously shown 
that the C1b domain together with twelve N-
terminal and twenty C-terminal residues have 
the capacity to induce neurite outgrowth when 
targeted to the membrane and that a conserved 
motif N-terminally of the C1b domain, present in 
the novel PKCs and absent in PKCα, is necessary 
for neurite induction. Mutation of three residues 
in this motif (Phe237, Val239, Met241) abolishes 
the neuritogenic effect of PKCεPSC1V3. Amino 
acids located immediately N-terminally of the 
C1a domain has been shown to be important for 
membrane targeting and consequently neurite 
outgrowth induction (209). A way for PKCε 
to induce neurite outgrowth might be through 
changing its localization and/or conformation and 
this might be mediated through interactions with 
other proteins at the membrane that either anchor 
PKC to the membrane or induce a conformational 
change.

Neuroblastoma

During the neuronal development neural crest 
progenitor cells form a structure destined to 
be the spinal cord at the top of the neural tube. 
These cells later lay the ground for the entire PNS 
including the autonomic and peripheral ganglia 
and the adrenal gland (210). The adrenal glands 
produce many of the body’s vital hormones 
and they consist of an outer cortex and an inner 
medulla that are developmentally, functionally, 
and structurally very different from each other. 
The cortex releases several steroid hormones 
whereas the medulla, being a part of the autonomic 
nervous system, releases catecholamines, mainly 
adrenaline, and peptidehormones. Pathology of 
the glands is most often due to neoplasms and 
the most common tumor of the adrenal medulla 
originates from the chromaffi n cells and is called 
phaeochromocytoma. Other tumors arising from 
primitive neuroblasts of the sympathetic PNS 
include neuroblastoma and ganglioneuroma  
(211). 

Neuroblastoma is together with medulloblastoma 
the most common primary tumor in childhood 
and it is alone the most common extracranial 
malignancy found in children, representing 
roughly 7-10% of all childhood cancers (210,211). 
Approximately 200 children between the years of 
2000 and 2004 were diagnosed for neuroblastoma 
in the nordic countries (Nordic Society of 
Pediatric Haematology and Oncology, 2007). 
Neuroblastoma is often diagnosed at around 18 
months of age and can appear anywhere along 
the sympathetic PNS chain but roughly 65% of 
the tumors are found in the abdomen and in the 
adrenal medulla. The symptoms are linked to the 
location of the primary tumor and the most frequent 
symptom of neuroblastoma is abdominal pain due 
to abdominal distension (212,213). Unfortunately 
more than 50% of the patients have metastases at 
time of diagnosis and the most common locations 
of metastasis are regional lymph nodes, bone or 
bone marrow (211,212,214). Neuroblastomas 
detected in infants can regress spontaneously, 
even in the presence of metastases, or mature into 
benign ganglioneuroma and the outcome for these 
children is often better than for children older than 
1 year of age (214). Patients with primary tumors 
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located in the adrenal gland often do worse than 
patients with tumors arising at other sites (214). 

Genetics
Most neuroblastomas are undifferentiated tumors  
and they are thought to develop due to disruption 
of the normal neural development; however, the 
exact mechanism behind this is not established. 
Searching for prenatal and/or postnatal 
environmental factors being responsible for 
neuroblastoma has so far been inconclusive. Most 
neuroblastomas occur spontaneously but there 
are cases of familial neuroblastoma and these 
are often diagnosed at an earlier age (215,216). 
Mutations in the ALK gene encoding a cell-
surface kinase have just been discovered as the 
underlying cause to most familial neuroblastomas 
(217). About a third of the neuroblastoma tumors  
show amplifi cation of the MYCN gene and this 
is the major marker for aggressive neuroblastoma 
correlating with poor prognosis (213,218).
The transcription factor N-Myc is an important 
regulator of proliferation and differentiation of 
the developing peripheral neural crest and an 
inability of the early progenitor cells to exit from 
the proliferative phase could be a cause of tumor 
formation. High Myc pathway activation, not 
necessary due to MYCN gene amplifi cation, has 
also been shown to correlate with poor prognosis 
(219). The TP53 gene, encoding the p53 protein, is 
often found mutated in cancers and an inactivation 
of p53 function contributes to malignant 
transformation. However, mutations in this gene 
are rarely found in primary neuroblastomas (220). 
High expression of the pro-survival nerve growth 
factor receptor TrkA is a favorable indicator of 
neuroblastoma (214). Aberrant Notch signaling 
has also been implicated in neuroblastoma (221). 
Many chromosomal aberrations are connected to 
neuroblastoma and unbalanced gain of distal 17q 
is the most common genetic abnormality found 
and deletion of 1p is found in 35% of primary 
tumors (222).

Treatment
To be able to offer the best possible treatment 
to children with neuroblastoma, the tumors 
are classifi ed depending on tumor stage, age 
of patient at diagnosis, and site of primary 
tumor (214). The most commonly used staging 

system is called the International Neuroblastoma 
Staging System (INSS) and this is based on 
clinical, radiographic, and surgical evaluations of 
children with neuroblastoma (223). The use of a 
common staging system facilitates comparisons 
of treatments internationally. Treatment of 
childhood cancer is aggravated by the fact that 
childhood tumors differ from adulthood tumors 
since transformed normal cells are the source 
for proliferating tumor cells in adults whereas 
tumor cells in children originate from cells that 
already are rapidly dividing (210). Treatment of 
neuroblastoma begins with surgery and if needed 
continues with chemotherapy, and radiotherapy 
(224). During surgery, diagnosis is established, 
tissue samples are taken for further biological 
studies, the tumor is staged, and the entire tumor 
is excised without damaging adjacent tissue. 
Neuroblastomas often acquire drug resistance 
against drugs employed in therapy (189). 

Amyotrophic Lateral Sclerosis

ALS, or Lou-Gehrig’s disease, is a rapid, 
progressive neurodegenerative disease where 
upper and lower motor neurons of the central 
nervous system degenerate (265). Examples of 
other neurological disorders where neuronal 
death underlies the symptoms are Alzeimer’s, 
Parkinson’s and Huntington’s diseases, and 
stroke. Motor neurons affected in ALS include 
the motor neurons of the cerebral cortex (upper 
motor neurons), brain stem and spinal cord (lower 
motor neurons) (266,267). It is one of the most 
common neurodegenerative diseases with adult 
onset, having an incidence of one-two per 100 
000 in the population (268). The loss of motor 
neurons leads to atrophy of skeletal muscles 
and progressive paralyses of all extremities and 
respiratory and sip musculature. Only 25 % of 
the ALS patients live beyond fi ve years after 
diagnosis and most patients die due to respiratory 
failure (269,270). Men and women are almost 
equally affected with some overrepresentation 
among men and, unfortunately, the number of 
people who succumb to the disease is increasing 
(271). Usually the disorder occurs sporadically 
with unknown origin, but approximately 10 % of 
the cases are familial. However, because there are 
no clinical or pathological differences between 
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system is called the International Neuroblastoma 
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Amyotrophic Lateral Sclerosis
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common neurodegenerative diseases with adult 
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the ALS patients live beyond fi ve years after 
diagnosis and most patients die due to respiratory 
failure (269,270). Men and women are almost 
equally affected with some overrepresentation 
among men and, unfortunately, the number of 
people who succumb to the disease is increasing 
(271). Usually the disorder occurs sporadically 
with unknown origin, but approximately 10 % of 
the cases are familial. However, because there are 
no clinical or pathological differences between 
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the types, the cases cannot be distinguished from 
each other. However, sporadic ALS has a later 
onset than familial ALS (266,269). A typical 
pathological hallmark of ALS is the presence 
of inclusion bodies, also called spheroids, in the 
perikaryon and axon of affected motor neurons 
of both sporadic and familial ALS. These 
inclusions typically contain aggregated proteins 
like peripherin and NFTPs, the major IF protein 
in adult motor neurons (257,258,272,273). 
Abnormal IF accumulation is a pathological 
hallmark of many other neurodegenerative 
disorders besides ALS as dementia with Lewy 
bodies, Parkinson’s disease, and neuropathies like 
diabetic neuropathy (171). Many of the detected 
inclusions are positive for ubiquitin, a common 
feature for protein accumulations in almost all 
neurodegenerative disorders (272,274,275). 
IF inclusions can also be seen in liver and 
muscle disorders (276). However, whether or 
not the IF accumulations contribute to the ALS 
pathogenesis is still not known (277). There are 
several possible mechanisms whereby proteins 
accumulate such as deregulation of IF protein 
synthesis, defective axonal transport, abnormal 
phosphorylation, proteolysis, and other protein 
modifi cations (171).

Genetics
Little is known about what genetic defects 
contribute to ALS disease and so far no single 
gene has been shown to solely cause sporadic 
ALS (278). Several genes have been identifi ed 
being mutated in ALS patients and these genes 
are often involved with intracellular traffi cking 
and many of the mutations result in alternative 
splicing abnormalities (278). Due to the diffi culty 
of investigating the ALS pathogenesis in humans, 
several mouse models have been created for 
investigating ALS origin and progression (245). 
One fi fth of the familial ALS cases (or 5 % of 
the total ALS patients) have been found to be 
associated with dominantly inherited missense 
mutations in the gene coding for the free radical-
scavenging enzyme copper/zinc superoxide 
dismutase-1 (SOD1) that exerts anti-oxidative 
and cytoprotective effects and is highest expressed 
within motor neurons (279-281). Mutations 
of the SOD1 gene are not restricted to familial 
ALS. They have also been found in patients with 

sporadic ALS (282). Mutated SOD1 is thought 
to result in ALS either by causing intracellular 
oxidative damages or by becoming misfolded or 
aggregated leading to toxicity (283,284). Different 
SOD1 variants are more prone to self-aggregate 
than wild-type protein in transgenic mice (295).
Many explanations to how SOD1 aggregation 
could promote cytotoxicity have been proposed, 
ranging from disrupting of axonal transport 
(285), binding to regulators of apoptosis (286), 
inhibiting the proteasome (287), interfering with  
mitochondrial function and Ca2+ homeostasis 
(288,289), and being connected with glutamate 
excitotoxicity (290). Over 100 mutations in 
nearly 50 % of the amino acids in SOD1 have 
been found in ALS patients (291). Transgenic 
mice models where the SOD1 gene has been 
mutated in different ways all show pathological 
hallmarks of familial ALS (292,293). SOD1 
defi cient mice develop normally and do not show 
any traces of neurodegeneration, but they do 
not cope with axonal injury to the same extent 
as normal mice (294). This speaks for the toxic 
effects of mutant SOD1 not only being due to its 
diminished enzymatic activity. Both intracellular 
SOD1- and peripherin-containing aggregates 
appear in motor neurons of transgenic mice 
before any symptoms are visible, suggesting that 
the protein aggregations could be important for 
the pathogenesis (296). Other genes have been 
found to be mutated in cases of familial ALS and 
several candidate genes have been investigated 
for their involvement of sporadic ALS (271). 
ALS and dementia have been seen to occur in 
the same families and might therefore share a 
common genetic background (297). 

Pathogenesis
So far, the complete picture of what causes the 
motor neuron death is not established. Much 
speaks for programmed cell death, apoptosis, 
being the process responsible for the observed cell 
death (298,299). The motor neuron degeneration 
observed in the human spinal cord can be divided 
into three consecutive morphological stages 
called chromatolysis, somatodendritic attrition 
and apoptosis (300). During chromatolysis the 
cell body swells and the so-called Nissl substance 
containing granular endoplasmic reticulum and 
ribosomes is dispersed; during the attritional 
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stage the cell body shrinks and the cytoplasm 
becomes homogenous and the nucleus condenses; 
and, in the fi nal apoptotic stage the cells round up 
exhibiting a condensed nucleus and contracted 
cytoplasm and only display one fi fth of its original 
size. Apoptosis is characterized morphologically 
by plasma membrane blebbing with preservation 
of its integrity, cytoplasmic condensation, 
compaction of cytoplasmic organelles, chromatin 
condensation, nuclear fragmentation, and fi nally 
the production of cell fragments surrounded by 
plasma membrane so called apoptotic bodies 
(270,301). Increased expression and activation of 
caspases-1 and -3 as well as apoptotic features 
support the apoptotic hypothesis (300,302,303). 
Many of the apoptotic changes are driven by 
caspases, a family of so far 14 inactive precursors 
that need to be proteolytically processed to 
generate active products. Caspases are activated 
by either the activation of the TNF family, the 
release of cytochrome C from the mitochondria 
to the cytosol, or by endoplasmatic reticulum 
(ER) stress (304). Nevertheless, it is very diffi cult 
to fi nd conclusive evidence for apoptosis in ALS 
patients, since the apoptotic process is a rapid 
process of a couple of hours to a day and the 
ALS progress is relatively slow. The probability 
of fi nding many motor neurons undergoing 
apoptosis at any given time in a post-mortem 
specimen is quite low. Many sections must be 
examined to fi nd any apoptotic indices in post-
mortem tissue from ALS patients (304,305). 
Evidence for apoptosis in ALS patients have 
been found by identifying higher levels of DNA 
fragmentation by nick-end labeling and TUNEL 
staining in neuronal tissue samples compared to 
normal tissue (306,307). Pro-apoptotic proteins, 
like Bax, have also been shown to have higher 
expression than anti-apoptotic proteins, like Bcl-
2, in motor neurons of ALS patients and this 
expression imbalance between pro- and anti-
apoptotic proteins could explain the observed 
apoptotic process (300,306,308). However, 
there are reports not supporting the presence of 
apoptosis (309). For example, there are studies 
without positive TUNEL staining of neuronal 
tissue from ALS patients (310). 

Apoptotic Mechanisms
There are several ways apoptosis can be induced 

in neurons (305). For example it has been shown 
that a lack of neurotrophic factors triggers 
apoptotic pathways during neuronal development 
(311). Another way is by overactivating glutamate 
receptors, a receptor present on most neurons in 
the CNS, leading to increased calcium infl ux. 
There are several reports showing an aberrant 
glutamate metabolism in ALS patients and 
elevated glutamate levels have been found in the 
cerebrospinal fl uid of ALS patients (312,313). 
Oxidative stress can also induce apoptosis by the 
production of free radicals that damage nucleic 
acid, induce protein and lipid modifi cations. 
Evidence for oxidative injury has been found 
in ALS cases (265). Environmental toxins, like 
alcohol and cigarette smoking, are other examples 
of candidate ALS risk factors being investigated 
(314,315). However, no solid link between 
smoking and ALS has yet been established. 
Unfortunately there is not much research being 
done on apoptosis-inhibiting drugs and their 
effects on human degenerative diseases, due to 
low specifi city and undesirable adverse effects 
of current anti-apoptotic substances (270,306). It 
has also been proposed a role for p53 in motor 
neuron degeneration, since increased levels of 
p53 mRNA and protein has been associated with 
neuronal damage and an absent p53 protects 
neurons from toxic insults (299). Activation of 
the p53 pathway leads to a rapid increase of p53 
mRNA and protein and this has been demonstrated 
in affected brain and spinal regions of ALS 
patients (316,317). However, p53 does not seem 
to be essential for SOD1-induced motor neuron 
death, since a crossbreed of SOD1-mutated mice 
and p53 defi cient mice does not infl uence disease 
onset, progression or mortality induced by the 
SOD1 mutation (318). 

Involvement of Peripherin
Abberant peripherin expression could be one of 
the factors that contribute to ALS pathogenesis. 
Upregulation of peripherin mRNA has been 
found in a familial ALS case (232). A recent 
study has identifi ed a novel peripherin splice 
variant, designated Per28, being upregulated both 
on mRNA- and protein level in ALS (233). The 
28 kDa splice isoform is present in motor neuron 
inclusion bodies. The same group also recently 
unveiled the need of another novel peripherin 
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isoform, 45 kDa, for normal network formation 
(319). In addition, an abnormal neurotoxic splice 
variant of peripherin, 61 kDa, has been identifi ed 
in spheroids in ALS cases and has been shown to 
induce peripherin and neurofi lament aggregation 
when expressed in motor neurons (232). 
Frameshift and pointmutations in the PRPH gene PRPH gene PRPH
coding for peripherin have been found in two 
ALS patients and these are both connected to 
peripherin aggregation (320,321). As mentioned 
earlier, peripherin expression can be increased by 
the infl ammatory cytokine IL-6 and IL-6 levels 
have been found to be elevated in cerebrospinal 
fl uid of an ALS patient (322).

Understanding the underlying mechanism of the 
neuronal cell death in ALS may provide new 
knowledge that can be used in the development 
of novel therapeutic techniques applied on 
neuronal protection in ALS patients. Furthermore, 
the development of effective neuroprotective 
strategies might be applicable on other 
neurodegenerative diseases like Alzheimer’s and 
Parkinson’s diseases.
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mRNA Regulation

Post-transcriptional regulation is one way of 
regulating gene expression and cells recognize 
changes in growth conditions by changing the rate 
of messenger-RNA (mRNA) translation. Specifi c 
RNA-binding proteins are thought to regulate 
cytoplasmic mRNA processes like translatability, 
stability, degradation, and localization. Three 
RNA-binding proteins have been of specifi c 
interest to our research.

PABP

Pre-mRNAs undergo posttranscriptional 
modifi cations such as addition of a 5’ 7-methyl-G 
cap and a 3’ poly(A) tail. The poly(A) tail protects 
the   mRNA from rapid degradation and it is 
involved in the processing and transportation of 
mRNA, as well as affecting translation effi ciency. 
The poly(A) binding protein (PABP), discovered 
for more than 30 years ago, specifi cally binds 
to the 3’ mRNA poly(A) tail and plays a role in 
translation initiation as well as in RNA stability 
protecting its bound RNAs from nuclease attacks 
(323-325). Each poly(A) tail binds several 
PABPs (326). PABPs are divided into two 
groups, nuclear and cytoplasmic, based on their 
intracellular location but lately more members 
have been found and added to the family (327). 
PABPC1, also called PABP1 or simply PABP, is 
mainly cytoplasmic and ubiquitously expressed. 
The poly(A) tail-PABPC1 complex stimulates 
translation intiation by interacting with the 
translation initiation factor eIF4G, a translation 
initiation factor with in a complex including other 
translation initiation factors, some bound to the 
5’ mRNA cap, ribosomal subunits, tRNAs, and 
accessory factors. Together PABPC1 and eIF4G 
form an ‘end-to-end complex’ or a ’closed loop’ 
of the mRNA (324,328). PABPC1 also binds 
other eIF-interacting proteins further supporting 
the closed loop model (329). Translation initiation 
is the rate-limiting step during the translation 
process and at least 11 eIFs are needed for effi cient 
translation. The PABPC1 sequence include four 
conserved, non-identical RNA-binding domains 
called RNA recognition motifs (RRMs) arranged 

in tandem as well as a less conserved C-terminal 
domain that does not bind RNA (324). The role 
of PABPC1 in mRNA stability is less understood 
than its role in translation, but there are reports 
claiming that PABPC1 infl uences the decapping 
pathway as well as 3’-5’ exosome-degradation 
(330). 

G3BP

The G3BP family of proteins is highly conserved 
between species and was originally identifi ed in 
a screen for proteins binding to the SH3 domain 
of the RasGAP protein (331,332). RasGAP is a 
member of the Ras signaling pathway and the 
G3BPs have been shown to have a positive effect 
on cell proliferation and survival by affecting the 
cell cycle (331,333,334). G3BPs also affect cell 
growth by interacting with the cyclin-dependent 
kinase Cdk-7 and G3BP1 knocked out cells have 
reduced proliferation rate compared to control 
cells (335,336). The G3BP family consists of 
two highly homologous members, G3BP1 and 
G3BP2, encoded by genes located on separate 
chromosomes. G3BP2 additionally exist in two 
splice variants called G3BP2a and G3BP2b 
(337). The G3BP isoforms have a tissue-specifi c 
expression pattern and G3BP2 is the only isoform 
expressed in brain and musle (337). The G3BPs 
are important during embryogenesis and a G3BP 
knockout is embryonic lethal, most likely due to 
neuronal cell death (336). The proteins all contain 
a N-terminal NTF2-like domain, a small SH3 
domain binding sequence, an acid and proline 
rich central region and two different RNA binding 
domains termed RRM and RGG in the C-terminal 
(338,339). What functions can be attributed the 
G3BPs and whether they have overlapping or 
complementary functions are not completely 
understood. In addition to Ras signaling, the 
G3BPs have been shown to be involved in many 
other signaling pathways. They infl uence NF-κB 
signaling by sequestering the NF-κB-inhibiting 
factor in the cytoplasm (340), p53 signaling by 
directly binding to p53 and its key regulator 
MDM2 and stabilizing both proteins (341), as 
well as HER2 signaling where increased HER2 
signaling induces G3BP1 mRNA and protein 
expression in breast cancer cells (342). They 
are also thought to regulate RNA metabolism, 
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but so far not many specifi c mRNA targets have 
been identifi ed despite many efforts (336). They 
have been shown to bind specifi cally to c-Myc 
mRNA and to regulate its turnover by cleaving 
the 3’ untranslated region using an internal 
phosphorylation-dependent endoribonuclease 
activity (343,344). G3BPs also interact with 
ubiquitin specifi c proteases, but whether the 
interaction has an activating or inhibiting effect 
has not yet been established (345). G3BPs have 
also been linked to cancer where G3BP1 has 
been found to be overexpressed in multiple 
tumour tissues and correlate to aggressiveness of 
esophageal squamous carcinoma and G3BP2 has 
been found to be overexpressed in breast cancer 
tissue (333,338,346). G3BP1 has also been shown 
to induce specifi c RNA granules called stress 
granules (SGs) when overexpressed and the role 
of the G3BPs in the SGs might be to determine 
the fate of mRNAs during stress (347,348). 

IGF2BP

The insulin-like growth factor-II mRNA-binding 
protein (IGF2BP or IMP) family consists of 
three highly homologous proteins that exhibit 
high affi nity and multiple attachment sites for 
the mRNA encoding the growth factor IGF-II. 
IGF2BP1 was initially found to be a translation 
repressor of IGF-II mRNA during embryogenesis 
and IGF2BPs follow the expression pattern of 
IGF-II during development (349,350). During 
development IGF2BPs localize to cytoplasmic 
RNA-containing granules and these might 
constitute a specifi c entity of granules (351,352). 
IGF2BP1 expression is absent in most adult tissues 
except for testis and blood stem cells (353,354). 
IGF2BP3 was fi rst identifi ed as the protein KOC 
(KH domain containing protein overexpressed in 
cancer), which was overexpressed in pancreatic 
cancer cell lines and tissue (355). The IGF2BP 
family is suggested to have an important 
posttranscriptionally role by determining mRNA 
localization and stability as well as infl uencing 
translation initiation. IGF2BPs recognize and 
bind to specifi c mRNAs such as the c-Myc mRNA 
stabilizing and enhancing the mRNA half-life 
(356). Several reports show increased expression 
of IGF2BP1 in certain tumors (356-358). 
Downregulation of IGF2BP1 in breast cancer 

cells leads to downregulation of c-myc mRNA 
and protein, upregulation of IGF-II mRNA, and a 
decrease in cell proliferation (353). The IGF2BP 
chicken ortholog zipcode-binding protein (ZBP) 
has been shown to localize to SGs during stress 
(359). 

RNA Granules

The formation of RNA containing granules so-
called ribonucleoprotein (RNP) granules is a 
common cellular process and mRNP granules 
can be seen in germ cells as well as in neurons 
(360,361). The granules are especially evident in 
neuronal cells where RNA has to be transported 
over long distances to certain cytoplasmic 
compartments for local translation (362,363). 
Other examples of RNA-containing granules are 
the so-called processing bodies (PBs) (360). These 
regulate RNA metabolism by infl uencing RNA 
degradation, which occurs by two mechanisms; 
either by 3’-5’ exonucleases or by irreversible 
decapping. PBs are dynamic, cytoplasmic RNA 
granules containing translationally silenced 
mRNAs, decapping enzymes, and scaffold 
proteins (361,364-366). The size and number of 
PBs depend on the number of mRNAs undergoing 
decapping. mRNAs are constantly being screened 
for containment of nonsense codons through 
the nonsense-mediated mRNA decay (NMD) 
pathway and those mRNAs positive for these 
codons are targeted to the PBs (367). Even though 
PBs are mainly involved in mRNA degradation, 
there is emerging evidence that points to the fact 
that mRNAs present in the PBs can return to the 
cytoplasm and resume active translation (368). 
How many different RNA granules there are is not 
known and the identifi cation of the compositions 
is given a lot of attention.

Stress Granules

Stress granules (SGs) are an additional example 
of mRNPs. Stress, such as ultraviolet irradiation, 
heat shock, oxidative stress, ER stress, viral 
infection, hypoxia, and energy depletion, induces a 
cellular stress response ensuring cellular survival. 
This response mainly affects the translation 
machinery by turning off general translation of 
“housekeeping” transcripts to conserve energy 
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eIF2α blocks translation and the resulting stalled 
ribosomal complex with attached mRNA are 
readily shuttled to SGs (Figure 7) (360,386,387). 
This process requires the RNA-binding proteins 
TIA-1 and TIAR, which act downstreams of 
eIF2α phosphorylation and rapidly aggregate 
upon stress (371,388). The TIA proteins are 
prominent markers for SGs (387). 

SG Markers
SGs can be distinguished from PBs by the presence 
of translation initiations factors and ribosome 
subunits in SGs. In spite of that there are proteins 
specifi c for either SGs or PBs, there are many 
proteins present in both granules suggesting a 
link between PBs and SGs (360). Indeed, fusions 
between the two structures have been reported 
(347,389). No one had until recently managed 
to purify a SG, but the discovery of the TIA-1/
TIAR proteins enabled the identifi cation of many 
SG components (364). SGs have been found to 
consist of proteins like exonucleases, scaffold 
proteins, RNA-binding proteins regulating mRNA 
structure and function as well as proteins that do 
not have anything to do with RNA metabolism 
(360,377). PABPC1 and G3BP are two proteins 
specifi cally expressed in SGs (371). Many of the 

for repair of stress-induced damages (369). This 
in turn leads to an accumulation of translationally 
silenced mRNAs, which aggregate into 
cytoplasmic SGs (360,370-372). Translation of 
stress-induced transcripts encoding heat shock 
proteins (HSPs) among others is enhanced and 
stress-sensitive heat shock transcription factors 
(HSFs) regulate the stress-induced transcription 
in a stress-stimuli dependent manner (373,374). 
HSPs are a highly conserved set of proteins 
functioning as molecular chaperones that allow 
cells to adapt to changes in their environment and 
increasing cell viability in lethal conditions. There 
are both constitutive and induced HSPs and apart 
from being involved in protein folding, transport, 
and degradation, they are also major regulators 
of apoptosis by binding proteins involved in 
apoptosome formation and by directly interacting 
with caspases inhibiting their activity (375,376). 
SGs are dynamic and reversible structures that as 
soon as the stress cease reduce in numbers due to 
SG fusions and eventually disappear (377). The 
major functions of SGs are thought to be storing 
mRNAs and thereby decreasing their degradation; 
storing important components of signaling 
pathways; concentrating components involved 
in translation and promoting the assembly of 
translation initiation complexes (378). Heat 
shock-induced cytoplasmic granules were fi rst 
observed in tomato cells and later in mammalian 
cells (379,380). Under elevated temperatures the 
nuclear actin fi laments condense, the granularity 
of the nucleoli is altered, the cytoskeleton is 
rearranged, and the Golgi apparatus is disrupted 
(381). 

The SG Formation
Several stress-sensing serine/threonine kinases 
accountable for initiating the cellular stress 
response have been identifi ed, each specifi c for 
a certain type of stress. Double-stranded RNA-
dependent protein kinase (PKR), PKR-like 
endoplasmic reticulum kinase (PERK/PEK), 
general control nonrepressed 2 (GCN2), and 
hemeregulated inhibitor (HRI) are four kinases 
that in response to different cellular stress 
phosphorylate the translation initiation factor 
eIF2α, which is an important component of the 
tRNA-complex carrying the fi rst methionine 
in protein synthesis (382-385). Phosphorylated 

FIGURE 7. Illustration over some of the factors involved 
in stress granule formation. During stress there is always 
a dynamic equilibrium between stress granules and po-
lysomes. Abbreviations: eIF, eukaryotic initiation factor; 
PABP, poly(A)-binding protein; S, svedberg unit (ribo-
somal subunit); TIA-1, t-cell internal antigen-1; TIAR, 
TIA-1-related  protein. Modifi ed from (370).

40S ribosomal subunit

eIF4G

eIF4E

eIF3

PABP

Poly(A)-mRNA
TIA-1
TIAR

TIA-1
TIAR

48S complex

eIF2-GTP-tRNAMet

60S ribosomal
subunit

Stress granule
Polysome

St
re

ss

C
ontrol

28

eIF2α blocks translation and the resulting stalled 
ribosomal complex with attached mRNA are 
readily shuttled to SGs (Figure 7) (360,386,387). 
This process requires the RNA-binding proteins 
TIA-1 and TIAR, which act downstreams of 
eIF2α phosphorylation and rapidly aggregate 
upon stress (371,388). The TIA proteins are 
prominent markers for SGs (387). 

SG Markers
SGs can be distinguished from PBs by the presence 
of translation initiations factors and ribosome 
subunits in SGs. In spite of that there are proteins 
specifi c for either SGs or PBs, there are many 
proteins present in both granules suggesting a 
link between PBs and SGs (360). Indeed, fusions 
between the two structures have been reported 
(347,389). No one had until recently managed 
to purify a SG, but the discovery of the TIA-1/
TIAR proteins enabled the identifi cation of many 
SG components (364). SGs have been found to 
consist of proteins like exonucleases, scaffold 
proteins, RNA-binding proteins regulating mRNA 
structure and function as well as proteins that do 
not have anything to do with RNA metabolism 
(360,377). PABPC1 and G3BP are two proteins 
specifi cally expressed in SGs (371). Many of the 

for repair of stress-induced damages (369). This 
in turn leads to an accumulation of translationally 
silenced mRNAs, which aggregate into 
cytoplasmic SGs (360,370-372). Translation of 
stress-induced transcripts encoding heat shock 
proteins (HSPs) among others is enhanced and 
stress-sensitive heat shock transcription factors 
(HSFs) regulate the stress-induced transcription 
in a stress-stimuli dependent manner (373,374). 
HSPs are a highly conserved set of proteins 
functioning as molecular chaperones that allow 
cells to adapt to changes in their environment and 
increasing cell viability in lethal conditions. There 
are both constitutive and induced HSPs and apart 
from being involved in protein folding, transport, 
and degradation, they are also major regulators 
of apoptosis by binding proteins involved in 
apoptosome formation and by directly interacting 
with caspases inhibiting their activity (375,376). 
SGs are dynamic and reversible structures that as 
soon as the stress cease reduce in numbers due to 
SG fusions and eventually disappear (377). The 
major functions of SGs are thought to be storing 
mRNAs and thereby decreasing their degradation; 
storing important components of signaling 
pathways; concentrating components involved 
in translation and promoting the assembly of 
translation initiation complexes (378). Heat 
shock-induced cytoplasmic granules were fi rst 
observed in tomato cells and later in mammalian 
cells (379,380). Under elevated temperatures the 
nuclear actin fi laments condense, the granularity 
of the nucleoli is altered, the cytoskeleton is 
rearranged, and the Golgi apparatus is disrupted 
(381). 

The SG Formation
Several stress-sensing serine/threonine kinases 
accountable for initiating the cellular stress 
response have been identifi ed, each specifi c for 
a certain type of stress. Double-stranded RNA-
dependent protein kinase (PKR), PKR-like 
endoplasmic reticulum kinase (PERK/PEK), 
general control nonrepressed 2 (GCN2), and 
hemeregulated inhibitor (HRI) are four kinases 
that in response to different cellular stress 
phosphorylate the translation initiation factor 
eIF2α, which is an important component of the 
tRNA-complex carrying the fi rst methionine 
in protein synthesis (382-385). Phosphorylated 

FIGURE 7. Illustration over some of the factors involved 
in stress granule formation. During stress there is always 
a dynamic equilibrium between stress granules and po-
lysomes. Abbreviations: eIF, eukaryotic initiation factor; 
PABP, poly(A)-binding protein; S, svedberg unit (ribo-
somal subunit); TIA-1, t-cell internal antigen-1; TIAR, 
TIA-1-related  protein. Modifi ed from (370).

40S ribosomal subunit

eIF4G

eIF4E

eIF3

PABP

Poly(A)-mRNA
TIA-1
TIAR

TIA-1
TIAR

48S complex

eIF2-GTP-tRNAMet

60S ribosomal
subunit

Stress granule
Polysome

St
re

ss

C
ontrol



29

proteins identifi ed as SG components can function 
as SG nucleators and induce SG formation when 
overexpressed. Examples are survival motor 
neuron protein (390), TIA proteins (391), Fragile 
X Mental Retardation protein (392), G3BP 
(347,348), caprin-1, a G3BP1-binding protein 
(393), and cytoplasmic polyadenylation element-
binding protein (389). 

The SG Regulation
There is not much known how stress granule 
assembly and disassembly is regulated. It is known 
that both PB and SG formation is promoted by 
blocking polysomes with for example puromycin 
and that their dissociation is promoted by 
stabilizing polysomes with cycloheximide (364). 
This phenomenon implies that translation must 
be switched off for mRNA to be able to relocate 
to SGs and PBs and that polysomes and SGs are 
in equilibrium during stress (388). In addition, 
SGs are absent and cannot be induced in mitotic 
cells due to stabilization of polysomes (394). 
Several signaling cascades are induced during 
cellular stress and several of these pathways 
affect the subcellular distribution of RNA-binding 
proteins. Activation of the p38 stress-signaling 
pathway results in phosphorylation, cytoplasmic 
accumulation and alternative splicing of its 
downstream targets (395). Grb7 constitutes a 
family of conserved cytoplasmic adaptor proteins 
that have been found in SGs. Grb7 couples cell 
surface receptors with downstream signaling 
pathways. Grb7 interacts with the focal adhesion 
kinase (FAK) and FAK-mediated phosphorylation 
of Grb7 causes Grb7-release from SGs and 
sequential SG disassembly (396-398). SGs are 
believed to be connected to apoptotic pathways 
based upon the fact that SGs have been found to 
sequester proteins involved in TNF-α signaling 
and SGs are negatively regulated by the apoptosis-
inducing factor (AIF) (399,400). In addition, SG 
formation has been shown to be dependent on an 
intact MT network and independent of the actin 
network (401). An attempt to identify what cellular 
factors control and/or infl uence the formation 
of SGs and/or PBs was recently made by using 
cells expressing fl uorescently tagged SG and PB 
markers. These cells were thereafter used to study 
the effect of downregulating different protein 
expressions on SG and PB formation after stress-

induction (402,403). Approximately 100 factors 
were found to affect SG formation indicating the 
complexity of these granules. Furthermore, O-
linked N-acetylglucosamine modifi cations were 
shown to be of importance for SG formation and 
blockage of this pathway led to decreased SG 
formation in response to stress (403). Except for 
being positive for O-linked N-acetylglucosamine 
SGs are also positive for ubiquitin speaking for 
posttranslational modifi cationsystems being 
closely linked to SGs (403,404).
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The present investigation

Aim and Introduction

The general aim of this thesis work has been to identify residues important for the neurite-inducing 
capacity of PKCε and to investigate by what mechanism PKCε mediates this property in neuroblastoma 
cells. A more detailed understanding of the role of PKCε in morphological differentiation of 
neuroblastoma cells will help us identify molecular targets that may improve treatment of 
neuroblastoma patients. Later in the project, the aim came to include elucidating  the functional 
importance of  the novel interaction between PKCε and peripherin, and its relevance for amyotrophic 
lateral sclerosis, and between PKCα and three RNA-binding proteins, and their involvement in stress 
granule regulation.

The major focus of the project has been to identify novel PKC-interacting proteins and establish the 
functional role of the interaction as well as with which specifi city the interaction takes place. By 
determining the interacting motifs in respective proteins, novel therapeutic approaches can be taken 
to inhibit or facilitate the interaction. The use of selective inhibitors of protein-protein interactions 
might provide opportunities for subtle modifi cation of cellular function that have different effects 
than inhibiting the kinase activity of the PKC isozymes. The SK-N-BE(2)C neuroblastoma cell line 
and the MDA-MB-231 breast carcinoma cell line have been used as a model systems. 

The specifi c aims were:

► To identify specifi c amino acids in the C1b domain of PKCε important for its neurite-
 inducing effect

► To characterize the structural and functional importance of the novel interaction between 
 peripherin and PKCε

► To characterize the structural and functional importance of the novel interactions between 
 G3BP2, PABPC1, and IGF2BP3 and PKC
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Results and Discussion

Asn291 and some other residues at the base 
of the PKCε C1b domain are crucial for its 
neurite-inducing capacity (Paper I)

Inducing differentiation is one approach to slow 
the growth of neuroblastoma and our group has 
previously shown that PKCε induces neurite 
outgrowth, one feature characteristic for neuronal 
differentiation (201). The C1b domain has been 
found to be important for the neuritogenic 
property of PKCε and to highlight what residues 
in the PKCε C1b domain mediates the effect, we 
exchanged the εC1b domain for the αC1b domain 
in the PKCεPSC1V3 construct creating the 
PKCεPSC1a(αC1b)V3 construct. By doing this 
the PSC1V3 construct loses its neurite-inducing 
capacity, speaking for the existence of specifi c 
structures in the εC1b domain that are missing 
in the αC1b domain. We therefore aligned the 
C1b domains from PKCε and PKCα and found 
that out of 50 amino acids only 19 amino acids 
differed. By using the PKCεPSC1a(αC1b)V3 
construct, the 19 residues in the αC1b domain 
were mutated one by one to the corresponding 
residue in the εC1b domain and tested for their 
importance for neurite-induction. Each new 
mutation was added to the former mutated 
PKCεPSC1a(αC1b)V3 construct. Mutating the 
PKCα residues Asp274, Ser290, and Leu291 
into the PKCε residues Lys274, Pro290, and 
Asn291 led to a recovered ability of the PSC1V3 
construct to induce neurites and introducing the 
single point mutation L291N was enough to give 
the εPSC1a(αC1b)V3 construct neurite inducing 
capacity in the presence of TPA although not 
as potently as wild-type. In addition, mutating 
Asn291 in the PKCεPSC1V3 P290S construct 
into the corresponding PKCα residue led to a 
pronounced decrease of the number of cells with 
neurites both with and without TPA. We thereafter 
used the model made of the PKCδC1b domain 
(27) to construct a three-dimensional model of the 
PKCεC1b domain and when studying the model 
it became evident that the three amino acids 
Lys274, Pro290, and Asn291 all are positioned in 
the lower region of the C1b domain opposite the 

DAG/phorbol ester binding cleft. The previously 
described N-terminal motif also seems to be 
located close to the three important residues in 
the C1b domain when looking at the folded three-
dimensional structure. In conclusion, Asn291 
located in the PKCεC1b domain was identifi ed 
as an important amino acid for neurite-induction 
mediated by PKCε.

Peripherin, G3BP2, PABPC1, and IGF2BP3 
were identifi ed as novel PKCε-interacting 
proteins (Paper II and III)

We next wanted to elucidate by which 
mechanism PKCε induces neurite outgrowth. 
One hypothesis is that PKCε mediates this 
effect by interacting with another protein at the 
plasma membrane or in close proximity of the 
membrane. Several screenings have been made 
and peptide libraries have been manufactured to 
fi nd novel PKC interaction-partners (405,406). 
To screen for a novel interacting proteins that 
putatively could mediate the neurite-inducing 
effect of PKCε, we did an immunoprecipitation 
assay using the most potent neurite-inducing 
PKCε construct, the PKCεPSC1V3 domain, as 
bait. Mass spectrometry analysis resulted in the 
identifi cation of several interesting interaction 
candidates (Table 1), including the class III 
intermediate fi lament peripherin and proteins 
being a part of the translation machinery such as 
the RNA-binding proteins PABPC1, G3BP2, and 
IGF2BP3. We next investigated their potential role 
in PKCε-mediated neurite outgrowth. However, 
so far we have not been able to demonstrate any 
involvement of peripherin, PABPC1, G3BP2, or 
IGF2BP3 in PKCε-induced neurite outgrowth. 
The interactions between PKCε and the four 
proteins were confi rmed by immunoprecipitation 
experiments with the endogenous proteins. 
The interaction between PKCε and peripherin 
was shown to be specifi c. However, it should 
be mentioned that some interaction could be 
observed between overexpressed PKCη and θ 
and endogenous peripherin, pointing towards the 
existence of a common structure shared between 
these PKC isoforms. PABPC1, G3BP2, and 
IGF2BP3 were shown to interact less specifi cally 
with PKCε. Interactions could be observed with 
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endogenous PKCα and PKCβII as well. They 
all bound to overexpressed regulatory domain 
of PKCα, β, δ, and ε. PABPC1 did not bind the 
regulatory domain of PKCβ. We next show that 
peripherin binds to the C1b domain of PKCε. 
Since we found a functional relationship between 
PKCα and the interacting RNA-binding proteins 
we went on with investigating what domain in 
PKCα mediated the interaction. These interaction 
experiments point to the C1a domain being the 
main domain mediating the interaction with 
PABPC1, G3BP2, and IGF2BP3. However, the 
C2 domain was also shown to interact with the 
PABPC1, G3BP2, and IGF2BP3, suggesting that 
PKCα has many interacting sites or that PKCα 
is a part of a bigger complex containing the 
RNA-binding proteins as well as others. The C1 
domains have previously been found to mediate 
both isozymes-specifi c and -general protein-
protein interactions (50,126,138,407). Neither 
of the novel interactions mentioned here seems 
to be dependent on the activation status of PKC, 
since the PKC activator TPA has no effect on the 
interactions. The functional importance of the 
interactions was thereafter investigated. 

PKCε induces aggregation of peripherin   
when peripherin levels are increased leading 
to apoptosis (Paper II)

Overexpression of peripherin together with 
PKCε or in the presence of the PKC activator, 
TPA, leads to the formation of solid peripherin 
aggregates which in turn leads to death of the 
neuroblastoma cells. These novel fi ndings can be 
of importance in understanding the mechanism 
behind the neurodegenerative disease ALS, where 
aggregates containing peripherin are essentially 
always seen in affl icted motor neurons (257). 
IF accumulations is a hallmark of both sporadic 
and familial ALS and understanding the role 
of the observed IF accumulations could reveal 
important information about some of the shared 
pathways between the two ALS types. It is still 
not known whether the IF accumulations actively 
participate in the neurodegenerative process, or if 
they just are a consequence of the pathogenesis. 
The PRPH gene has been found to be mutated 
in a few cases of familial ALS and peripherin 
expression has also been found to be enhanced 
in affected tissue (232,320,321). However, other 
genes have also been pointed out to be involved 

FunctionMatchSizeProtein

RNA-binding22%76kDaNucleolin15

DNA repair30%83kDaATP dependent DNA Helicase II14

chaperon22%74kDaHSP7013

RNA-binding38%70kDaPABP112

RNA-binding27%64kDaIGF2BP311

RNA-binding28%64kDaIGF2BP110

RNA-binding28-40%54kDaSIAHBP19

RNA-binding,
ribonuclease activity

17%51kDaG3BP8

cytoskeleton50%54kDaPeripherin7

unknown18%47kDaDDX486

regulates translation26%43kDaeEF1A15

transcription factor?40%37kDaYB-14

RNA-binding26%41kDahnRNP E13

26%36kDaRibosomal S02

19%30kDaRibosomal protein S3a1

TABLE 1. List of identifi ed proteins found in the immunoprecipitation assay with GFP-tagged PKCεList of identifi ed proteins found in the immunoprecipitation assay with GFP-tagged PKCεList of identifi ed proteins found in the immunoprecipitation assay with GFP-tagged PKC PSC1V3.εPSC1V3.ε  13 
bands were cut out from a silver stained SDS-PAGE gel, trypsinized, and analyzed by mass spectrometry. Proteins are 
listed in the order they were identifi ed, beginning with the proteins with smallest size. SIAHBP appeared more than once 
explaining the different match identities. Peripherin, PABP, G3BP, and IGF2BP3 were chosen for further investigation.
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in the ALS pathogenesis. The SOD1 gene is one 
example and altering the peripherin expression 
levels in SOD1-mutated mice does not infl uence 
the degree of SOD1-induced pathogenesis in 
motor neurons. However, this only indicates that 
peripherin is not playing a central role in motor 
neuron degeneration caused by SOD1 mutations 
but might very well have an important role in 
other pathways leading to ALS (171). 

Without any induction of aggregation, 
overexpression of peripherin does not in itself lead 
to cell death of neuroblastoma cells. However, it 
should be noted that an overactivation of PKC 
induced by high concentrations of TPA has 
been shown to cause neurodegeneration (408). 
However, the same phenomena could not be seen 
with lower TPA concentrations (408) and we have 
not observed any increased cell death during long-
time exposure of TPA. Downregulating PKCε 
expression by using silencing RNA (siRNA) 
targeted towards PKCε leads to a reduction 
of cells with peripherin aggregates. Why this 
reduction is not complete, could either be due to 
the incomplete knockdown of PKCε or by the fact 
that peripherin also binds other novel PKCs which 
might have compensating functions. A decreased 
amount of cells containing peripherin aggregates 
can also be observed when inhibiting PKC activity 
or by co-expressing the peripherin-interacting 
domain of PKCε. By having a more detailed 
understanding of the function and molecular basis 
of the interaction between PKCε and peripherin 
we hope to fi nd tools that prevent or interfere 
with pathological processes of importance for 
ALS such as peripherin aggregation. 

PKCε does not induce aggregation of 
vimentin, a close relative to peripherin, when 
vimentin levels are increased (Paper II)

We have also investigated whether PKCε had 
the same effect on vimentin, a related type III 
IF protein (159), or if this effect was peripherin 
specifi c. Vimentin has previously been shown to 
interact with PKCε (409) and here we show that 
vimentin interacts with the same PKCε region as 
peripherin encompassing the pseudosubstrate, C1 
domains and V3 domain. However, activation of
PKC did not lead to aggregation of overexpressed 

vimentin. In addition, punctuate structures 
formed when exogenous vimentin mutants are 
expressed (409) did not contain peripherin and 
were not affected by exposure to TPA, indicating 
that these vimentin structures were distinct from 
the peripherin. Both we and others have shown 
that increasing the levels of peripherin enhances 
its tendency to aggregate (410). Much research 
has been done to investigate the self-assembling 
capacity of the IF proteins and disruption of this 
capacity often leads to the accumulation of the 
proteins in aggregates. We further investigated 
the role of the head respectively tail domain 
of peripherin in peripherin aggregation and 
we found that deleting either the head or the 
tail domain of peripherin both decrease the 
propensity of peripherin to aggregate (Figure 8). 
However, whereas the deletion of the tail domain 
completely abolishes the aggregating capacity in 
the presence of TPA, deleting the head domain 
only leads to a minor decrease of the amount 
of cells with peripherin aggregates after TPA 
treatment. The N-terminal head of peripherin 
has been shown to be essential for peripherin 
self-assembly and tailless peripherin protein can 
self-assemble into fi lament bundles (411,412). 
Deleting the C-terminal together with parts of the 
central rod domain of the IF proteins disrupts the 
self-assembling capacity and results in aggregate 
formation (413).
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FIGURE 8. Deletion of either head or tail domain of 
peripherin decreases TPA-induced peripherin aggrega-
tion. Deletion of the tail has a more pronounced effect on 
the TPA-effect than deletion of the head.
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None of the PKC-interacting proteins have 
so far been confi rmed to PKC substrates 
(Paper II and III)

Many PKC-interacting proteins are PKC 
substrates. Since TPA had a potentiating 
and GF109203X had an inhibiting effect on 
peripherin aggregation, we hypothesized that 
PKCε-dependent phosphorylation of peripherin 
could be a determining factor for peripherin 
aggregation. However, we have so far not been 
able to demonstrate an increase of peripherin 
phosphorylation after PKC activation though this 
has been shown in PC12 cells (242). The dependence 
on PKC kinase activity may be explained by the 
presence of another protein promoting peripherin 
aggregation when phosphorylated by PKCε. We 
have so far not been able to demonstrate any 
increased phosphorylation status for PABPC1, 
G3BP2, or IGF2BP3 either after PKC activation. 
Phosphorylation of G3BP1 has been shown to 
infl uence both its internal RNase activity and its 
subcellular localization and one phosphorylation 
site has been found for casein kinase II (343,344). 
Both PABPC1 and translation initiation factors are 
known phosphoproteins, where phosphorylation 
regulates the protein-protein-interactions 
as well as the protein-mRNA-interactions. 
Hypophosphorylated PABPC1 binds less effi cient 
to poly(A) mRNA and depending on the level of 
phosphorylation PABPC1 attracts different sets of 
initiation factors (414). However, how PABPC1 is 
phosphorylated is not known. The MKK-2/ERK 
pathway has been implicated to be one possible 
pathway regulating PABPC1 phosphorylation 
(415). Whether IGF2BPs are regulated by 
phosphorylation remains to be studied. PKC has 
been shown to, at least in vitro, phosphorylate 
factors involved in translation initiation as well 
as elongation (416). It would be interesting 
to continue investigating more of the proteins 
detected in our assay. For example, the eEF1A1 
protein identifi ed as a PKCε-interacting protein 
has in vitro been shown to be phosphorylated by 
PKCδ (417).

G3BP2, PABP1, and IGF2BP3 PKCα, α, α  are 
crucial for stress granule formation (Paper 
III)

The three RNA-binding proteins were all found 

to relocate to stress granules induced by 44°C 
heat shock in SK-N-BE(2)C neuroblastoma cells 
and MDA-MB-231 breast carcinoma cells, as 
have been previously shown in other cell types 
(359,364). Heat shock is a commonly used stress 
inducer and temperatures ranging from 42-45°C 
have been used to stress cells (359,371). We have 
also induced SGs using the proteasome inhibitor 
MG-132 in SK-N-BE(2)C neuroblastoma cells 
and MDA-MB-231 breast carcinoma cells, 
consistent with prior reports (418). Both PABPC1 
and G3BP2 were used as stress granule markers, 
since they have been shown to be specifi c for 
stress granules (364). However, the antibody 
used for G3BP2 does not distinguish between 
G3BP2a and G3BP2b variants. In spite of that 
PABPC1, G3BP2, and IGF2BP3 were found in a 
co-immunoprecipitation assay using PKCε, to our 
surprise, PKCα was the predominant PKC isoform 
localizing to the stress granules during heat shock. 
However, G3BP2a has previously been found 
to be a component of an mRNP also containing 
active PKCβII and RACK-1 and PKCβII has been 
shown to have a translation regulatory function 
by interacting directly to ribosomes and via 
associating with RACK1 (416,419). The PKCs 
have been previously shown to be important stress 
sensors. Both PKCε and PKCγ have protective 
roles against decreased oxygen levels during 
stroke, neural and cardiac ischemia (420-422). 
PKCθ has been shown to be important during ER 
stress or amino acid deprivation, having a crucial 
role in the formation of autophagosomes that 
are formed during the cellular response (423). 
In addition to interacting with PKCα, we saw 
that each RNA-binding protein seems to bind to 
each other or at least exist in the same complex. 
IGF2BP1 has previously been shown to associate 
RNA-dependently with G3BP1 and HuD, another 
RNA-binding protein (424). 

PKCα, α, α G3BP2, and PABP1 are crucial for 
stress granule formation (Paper III)

When we downregulated G3BP2, fewer cells 
with heat shock-induced SGs in neuroblastoma 
cells could be observed. In neuroblastoma cells, 
knockdown of either PABPC1 or IGF2BP3 had 
no affect on the SG forming ability. However, 
knockdown of both G3BP2 and PABPC1 in 
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breast carcinoma cells reduced the amount of cells 
with heat shock-induced SGs. Silencing of the 
IGF2BP homologue ZBP1 has previously been 
shown not to affect assembly or structure of SGs 
(359). Finding PKC in stress granules implicates 
PKC being involved in mRNA-regulation 
during stress. We therefore investigated whether 
downregulation of PKCα would have any effect 
on the ability of cells to form SGs during heat 
shock. When downregulating PKCα expression 
by siRNA targeted to PKCα in breast carcinoma 
cells, a pronounced decrease of SG-containing 
cells during heat shock could be detected. 
However, due to diffi culties of downregulating 
PKCα by siRNA in SK-N-BE(2)C we could not 
investigate the role of PKCα in SG formation 
in these cells. So far the complete picture of the 
mechanisms behind SG assembly is lacking, but 
PKCα can be added to the list of proteins shown 
to affect SG formation. 

PKC has previously been shown to be involved 
in other aspects of mRNA regulation. For 
example, PKC has in several studies been shown 
to increase mRNA stability when activated (425-
427). Neither PKC activation nor PKC inhibition 
has any affect on the assembly or disassembly 
of SGs and we, as well as others (364), have 
not observed that TPA treatment in itself induce 
the formation of SGs. The exact function of 
SGs is not well understood. SGs are thought to 
sequester specifi c mRNA under stress and in that 
way repressing translation of some mRNA and 
facilitating translation of other mRNA. However, 
cells that are unable to form SGs are still able 
to repress translation (404), speaking for SGs 
having additional roles. Several questions remain 
to be answered concerning whether SGs play any 
role in RNA silencing under normal physiological 
conditions and whether SGs induced by different 
stimuli contain the same or different components. 
Neither does one know how the formation of SGs 
affects cell vitality and protein synthesis.
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Conclusions

► Residues at the base of the PKCε C1b domain, especially Asn291, are essential for the 
 neurite-inducing capacity of PKCε 

► Peripherin was found as a novel PKCε-interacting protein and either increased PKCε-levels
 or PKC activation mediates peripherin aggregation. Induced peripherin aggregation also 
 leads to increased cell death. 

► The RNA-binding proteins G3BP2, PABPC1, and IGF2BP3 were found to be novel PKCα-
 interacting proteins that relocate to stress granules under stress. Knockdown of G3BP2, 
 PABPC1 or PKCα block stress granule formation during cellular stress.

► Neither peripherin nor the RNA-binding proteins found in the PKCε-interaction assay affect
 PKCε-induced neurite outgrowth.
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Popularized Summary in Swedish

När jag påbörjade mitt projekt var målet att undersöka och identifi era mekanismerna som ligger bakom 
hur en nervcell bildar utskott. För att undersöka detta, använde jag mig av neuroblastomceller som 
ser ut som omogna nervceller, det vill säga de saknar längre utskott. Neuroblastom är en barncancer 
som drabbar 10-15 barn i Sverige varje år. Neuroblastom är en elakartad tumör som trots förbättrad 
behandling fortfarande har dålig prognos. Som namnet antyder uppstår neuroblastom i nervsystemet 
och tumörerna kan vara lokaliserade var som helst längs med ryggraden och kan därifrån sprida sig 
till skelett, lever, lymfkörtlar och benmärg. I vår forskning försöker vi få neuroblastomcellerna att 
mogna ut, få dem att likna normala nervceller och på så vis förlora sina maligna egenskaper. Under 
den normala utvecklingen av nervsystemet, utvecklas mogna nervceller med utskott från omogna 
nervceller som saknar utskott. Utskotten kommer senare att utgör nerverna. 

Vi har i vår forskning tidigare sett att om man ökar nivåerna av ett visst protein, protein kinas C 
epsilon (PKCε), i neuroblastomcellerna, utvecklar dessa utskott liknande de som fi nns hos normala 
nervceller. Neuroblastomcellernas utseende blir alltså mer likt en mogen nervcell. Hur PKC epsilon 
får neuroblastomcellerna att göra detta är oklart, därför har mitt projekt fokuserat på att förstå 
mekanismerna bakom PKC epsilons förmåga. En mer ingående vetskap om den bakomliggande 
mekanismen för utvecklingen av ett nervcellsutskott skulle dels gagna utvecklingen av bättre 
behandlingspreparat för barn med neuroblastom och dels användas till att förbättra behandlingen av 
nervskador. Nervtrådar regenereras sällan vid skador, men om man vet hur man ska göra för att få en 
nervcell att växa ett utskott, skulle denna vetskap även kunna appliceras här. 

Jag har i mitt första arbete identifi erat tre aminosyror som är nödvändiga för PKC epsilons förmåga 
att få neuroblastomcellerna att växa utskott. Bakgrunden till arbete två, bygger på en teori om att PKC 
epsilon förmedlar dess effekt genom att binda till ett annat proteins. Teorin undersöktes genom att ta 
reda på vilka protein som band till den minsta delen av PKC epsilon som vi tidigare sett är tillräcklig 
för att få neuroblastomcellerna att växa utskott. I detta experimentet hittade jag många olika proteiner 
som band PKCε bland annat ett protein kallat periferin, som bidrar till struktur och stabilitet i nervceller, 
och tre andra proteiner som alla binder till RNA, det vill säga den kod som bestämmer vilket protein 
som ska framställas i cellen. I mitt andra arbete såg jag närmare på bindningen mellan PKC epsilon 
och periferin. Det visade sig att om man ökar nivåerna av PKC epsilon samtidigt som nivåerna 
av periferin är förhöjda bildar periferin klumpar inne i cellerna istället för trådar som det normalt 
gör. Sådana här klumpar kan man även se i nervcellerna hos patienter med sjukdomen amyotrofi sk 
lateralskleros (ALS). ALS är en snabb, neurodegenerativ  sjukdom som drabbar vuxna. Sjukdomen 
har ett förlopp som involverar en gradvis död av de drabbade nervcellerna. Än så länge vet man inte 
om de periferininnehållande klumparna bidrar till nervcellsdöden.Vi har emellertid påvisat att en 
ökning av dessa klumpar leder till en ökad celldöd. En fullständig överblick av händelseförloppet 
skulle öppna dörren för nya behandlingar av ALS. I mitt tredje arbete, undersökte vi funktionen för 
bindningen mellan PKCε och de RNA-bindande proteinen. Tidigt visade det sig att de RNA-bindande 
proteinen var viktiga komponenter i speciella ansamlingar av RNA och proteiner som bildas när 
celler utsätts för andra miljöer än de är vana vid, till exempel om man ökar temperaturen till mer 
än 37 grader. Dessutom visade det sig att en annan form av PKC, PKC alfa (PKCα), huvudsakligen  
fi nns i de här protein-RNA-ansamlingarna vid ökade temperaturer. Vi har sett att även PKC alfa 
binder de RNA-bindande proteinerna och att utan PKC alfa kan inte cellerna bilda protein-RNA-
ansamlingarna. Vi har alltså funnit två nya funktioner för PKC. Däremot kvarstår frågan om vilka 
proteiner som bidrar till PKC epsilons förmåga att få neuroblastomcellerna att bilda utskott. 
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