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ABSTRACT 

The chaperonin-containing tailless complex polypeptide 1 (CCT) is a eukaryotic ~1 MDa 

barrel shaped molecular chaperone, built up by eight distinct subunits and is required for the 

folding of the abundant cytoskeletal proteins actin and tubulin. CCT exists as an assembled 

oligomer, micro-complexes and as individual subunits in the cell. In addition to folding, CCT is 

connected to a variety of cellular processes that involve both assembled CCT oligomer and 

individual monomeric CCT subunits. Monomeric CCTδ translocates to the plasma membrane 

when overexpressed, indicating a function for CCTδ when not incorporated into the 

oligomer. One aim of this thesis is to understand the underlying monomeric function CCTδ. 

The dynactin complex component p150Glued was identified as a binding partner for 

monomeric CCTδ and together with the transmembrane protein dynAP, p150Glued;CCTδ 

creates an inward movement of the plasma membrane along microtubules, resulting in a 

curved membrane. We used fluorescence imaging and ToF-SIMS in cells overexpressing CCTδ 

and detected an increase in phosphatidylethanolamines (PE), lipids often found in 

membranes with high curvature. We show that one point-mutation in CCTδ can affect the 

assembly state of CCT, increasing the CCT oligomer pool and abolishes the binding of CCTδ to 

p150Glued. Oligomeric CCT is known to interact with the transcription factor STAT3. Here, we 

show that STAT3 does not behave as an obligate folding substrate. Instead, IL-6 induced 

tyrosine phosphorylation is increased when CCT levels are reduced. Furthermore, CCT 

depletion does not affect other stages of STAT3 activation. Therefore it is possible that CCT 

regulates STAT3 phosphorylation levels by acting as a sequestering protein for STAT3. CCT 

oligomer can also interact with the capping and severing protein gelsolin and by super 

resolution microscopy we detect CCT and gelsolin co-localised at the edge of protruding 

lamellipodia where extensive microfilament rearrangement occurs. By cryo-EM imaging 

using purified gelsolin:CCT complexes gelsolin is seen located deep in the CCT chaperonin 

cavity, suggesting a sequestering role for CCT. Consistently, in the presence of CCT, gelsolin is 

protected from caspase-3 cleavage. Taken together, we have identified the mechanism 

behind monomeric CCTδ at the plasma membrane and two possible sequestering protein 

interactions for CCT oligomer. Therefore, the work in this thesis extends the understanding 

of the non-folding properties of CCT.  

Keywords: TRiC, chaperonin, CCT oligomer, CCT monomer, cancer, p150Glued, gelsolin, STAT3. 
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Introduction 

The mammalian cytoskeleton 

 

The mammalian cytoskeleton is essential for a variety of cellular processes including defining 

cell shape, movement, cell division and intracellular transport. Changes in cytoskeletal 

structures are used by the cell to, for example, sense the surroundings (such as the extra 

cellular matrix (ECM)), and adapt to the external environment (Discher et al., 2005). Also, 

cytoskeletal rearrangement is important in how the cells orientate the mitotic spindle during 

cell division (Thery et al., 2005). The cytoskeleton is a network of three different filamentous 

structures; microfilaments, microtubules, and intermediate filaments. Each filamentous 

structure, together with associating proteins, account for specific roles in the dynamic 

cytoskeleton. Generally, intermediate filaments provide mechanical strength to the cell, 

microfilaments are responsible for cell shape and migration and microtubules are in charge 

of intracellular transport and positioning of organelles (fig 1).  

The cytoskeleton is responsible for cellular polarity in migrating cells, endothelial cells and 

neurons (Bruce Alberts, 2002). Microfilaments and microtubules are dynamic and have the 

ability to re-organise by switching between assembly and disassembly and together with 

intermediate filaments they create the large network that builds up the cytoskeleton in the 

cell (fig 1).  

In contrast to intermediate filaments, actin and tubulin possess a nucleoside triphosphate 

binding site, ATP and GTP respectively, and when incorporated into filaments hydrolysis of 

ATP or GTP occurs. Microfilaments are built up by actin monomers whereas microtubules 

are formed from α/β tubulin dimers and the formation of the filaments is dependent on the 

concentration of free actin monomers and tubulin dimers (Bruce Alberts, 2002).  

Mechanical forces affecting the cell can cause a change in the structure of the cytoskeleton 

resulting in a change in cell shape. All three cytoskeletal filament structures have differences 

in stiffness, assembly dynamics, polarity and associated motor proteins, where microtubules 

have been shown to be the stiffest of the three and may have the most complex assembly 

and folding dynamics (Brangwynne et al., 2006).  
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Figure 1. The mammalian cytoskeleton. a) Cartoon of a mammalian cell and cytoskeletal 

structures. Microfilaments are located throughout the whole cell, concentrated at the tip of 

protruding lamellipodia and filopodia and are important in cell migration and cell shape. 

Microtubules are emerging from the microtubule organising centre (MTOC) and are 

responsible for intracellular transport, organelle positioning, the mitotic spindle and 

directed cell migration. Intermediate filaments are located throughout the cell and are 

shown to form a protective cage around the nucleus. b) Confocal microscopy images of a 

B16F1 mouse melanoma cell stained for filamentous actin and tubulin.  

A 

B 
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Microtubules 

 

α and β tubulin monomers form dimers via non-covalent bonds with assistance from tubulin 

co-factors. α/β tubulin dimers build up cylindrical, polarised microtubules (Desai and 

Mitchison, 1997). Microtubules play an important role in cell division where they are 

responsible for the separation of the chromosomes with the help from microtubule motor 

proteins (McIntosh, 2016). Furthermore, the involvement of microtubules in cell migration 

(Etienne-Manneville, 2013) closely links microtubules to cancer cell development.  

During microtubule polymerisation, the β-subunit from one dimer will interact with the α-

subunit in another dimer forming a polarised hollow tube with the α-tubulin exposed minus 

end associated to the microtubule organising centre (MTOC) and the fast-growing, β-tubulin 

exposed, plus end facing the cell edge. In vitro, tubulin can polymerise from both ends where 

polymerisation at the plus end is faster compared to the minus end. In vivo, the minus end of 

the microtubules is associated with the MTOC. Growing and shrinkage of microtubules is 

dependent on the hydrolysis of GTP. The GTP molecule bound to α-tubulin will never be 

hydrolysed due to the protected location in the dimer interface, whereas GTP bound to β-

tubulin is hydrolysable and exchangeable. The initiation of microtubule formation is via 

interactions between α/β tubulin and the γ-tubulin ring complex (γ-TuRC) in MTOC.  γ-TuRC 

will act as a minus end cap to ensure plus end directed growth of microtubules out from the 

MTOC (Desai and Mitchison, 1997). 

Growing and shrinkage of microtubules is depends on the rate of GTP hydrolysis and the 

addition of α/β-tubulin dimers into the filament. Polymerisation into microtubules is 

dependent on the concentration of free tubulin dimers in the cell, where the concentration 

of free dimers needed for polymerisation is called the critical concentration (Cc).  When the 

concentration of free dimers reaches above Cc, the microtubules will polymerise whereas if 

the concentration is below Cc the microtubules will depolymerise. 

GTP is hydrolysed to GDP when the dimers are incorporated in the microtubule, changing 

the conformation of the tubulin dimer. The GDP dimer is more prone to disassemble. Since it 

is the GTP bound state of the dimer that is added onto the filament, the GTP bound form 

acts as a GTP-cap to protect from disassembly. If the hydrolysis is faster than the addition of 
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GTP-bound dimers, GDP-bound dimers will start to dissociate, causing shrinkage of the 

microtubule. As soon as a new GTP-cap protects the filament, via addition of new dimers, 

microtubule growth occurs. This rapid change from growing to shrinking results in a very 

dynamic microtubule network and is called dynamic instability (Mitchison and Kirschner, 

1984).  

The tubulin network is regulated by proteins binding to microtubules, such as microtubules-

associated proteins (MAPs). There are MAPs that can control both stability of microtubules 

and the amount of free accessible dimers for incorporation into microtubules (Lopez-

Fanarraga et al., 2001). Additionally, there are proteins using the polarised microtubules as 

tracks for intracellular transport named motor proteins (Sweeney and Holzbaur, 2018). 

Dynein is a minus-end directed motor protein, which moves along microtubules in an ATP-

dependent manner towards the centre of the cell together with the dynactin complex 

(Sweeney and Holzbaur, 2018). The dynactin complex is a ~1 MDa multi-subunit complex 

built up of more than 20 subunits and interacts with dynein via the largest subunit of 

dynactin, p150Glued (Schroer, 2004; Siglin et al., 2013). Kinesin is structurally similar to 

dynein, but in contrast to dynein is responsible for intracellular transport towards the plus 

end direction of microtubules.  

 

Microfilaments 

 

The cytoskeletal protein actin, the building block of microfilaments, consists of four sub-

domains and is associated with ATP/ADP and Mg2+ situated in a cleft (Kabsch et al., 1990). 

Free actin monomers in the cell are referred to as G-actin (globular) and microfilaments, 

termed F-actin (filamentous), are present in the whole cell but are most concentrated in the 

cell cortex, close to the plasma membrane. At the cell cortex, rearrangements of the actin 

cytoskeleton play an important role during cell migration. Microfilaments, like microtubules, 

are polar and dynamic and they have the ability to quickly assemble and reassemble. 

Whereas microtubules are associated with MTOC, microfilaments will have two free ends 

(Pollard and Borisy, 2003). 
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The first step in microfilament formation is nucleation, a formation of three actin monomers, 

from where the initiation of filament elongation starts (Sept and McCammon, 2001). The 

trimers are very unstable, but the addition of the forth actin monomer and initiation of 

filament formation will stabilise the structure. Incorporation of actin monomers into the 

microfilament is dependent on the nucleotide bound state of the actin monomers where 

ATP binding will initiate filament assembly (Carlier and Pantaloni, 1997). The incorporated 

actin monomer will hydrolyse the ATP to ADP, where the ADP bound actin monomer is more 

prone to dissociate from the filament. The ATP bound actin monomer is incorporated at the 

plus end of the filaments and transits through the filament, where it undergoes the 

hydrolysis of ATP to ADP, until it reaches the filament minus end. Each end of the 

Figure 2. Actin treadmilling. ATP-bound actin monomers will be incorporated at the plus end 

of the microfilament and travel through the filament undergoing ATP hydrolysis to be in an 

ADP-bound state when reaching the minus end of the filament. ATP-bound actin monomers 

will continuously be added onto the plus end and ADP-bound actin monomers dissociating 

from the minus end, resulting in a filament with constant length but will move the filament in 

the direction of the plus end (Wegner, 1976). 
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microfilament will have an individual Cc value (with the Cc at the plus end being lower than 

the Cc at the minus end) referring to the concentration of G-actin needed for 

polymerisation. Microfilament growth will occur at a G-actin concentration above the Cc 

whereas shrinkage of the filament occurs when the G-actin concentration is below Cc. 

During steady state, there is no filament growth and the size of the filaments remains the 

same, a process referred to as treadmilling (Wegner, 1976) (fig 2). The treadmilling process is 

essential for cell migration since the filament will move forward as association at the plus 

end elongates the filament in the plus direction, whereas dissociation at the minus end 

shortens the filament in the minus end direction. 

Microfilament rearrangements are essential for cell motility where cells can change their cell 

shape or form protrusions such as lamellipodia or filopodia (fig 3). In lamellipodia, the actin 

network is the main component for structure and the released actin monomers from the 

minus end are quickly re-used at the plus end to take part in the fast elongation of 

microfilaments in the treadmilling process. The turn-over is rapid in lamellipodia and the fast 

growing plus end is pointing to the edge of the protruding lamellipodia and the 

depolymerising minus end inwards to the cell during lamellipodia formation (Wang, 1985). 

This can be seen as a band of F-actin at the periphery of cells during lamellipodia formation 

(fig 3). 

 

 

Figure 3. Lamellipodia formation in B16F1 cells. Filamentous actin is observed as a band 

enriched at the periphery of lamellipodia where there is extensive actin rearrangement.  
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The WAVE complex can bind microfilaments and regulate the actin cytoskeleton during Rac 

induced membrane ruffling (Miki et al., 1998). The Arp2/3 complex can initiate a 70° 

branching of microfilaments after being activated by nucleation-promoting factors, resulting 

in branched microfilament networks seen to a high extent at the tip of lamellipodia (Bailly et 

al., 1999; Mullins et al., 1998). Rho family proteins can induce stress fibres leading to 

lamellipodia and filopodia formation, important in cell migration and division (Guasch et al., 

1998). Furthermore, cross-linking proteins will affect the stability and rigidly of the filaments, 

such as linking several microfilaments together, resulting in stress fibres or filopodia 

formation at the cell surface. 

There are many actin associated proteins regulating the assembly state of the filaments (fig 

4). Cofilin (belonging to the ADF/cofilin protein family of depolymerising proteins) promotes 

disassembly and controls formation of lamellipodia. In its non-phosphorylated state, or 

when bound to phosphoinositides, cofilin can enhance disassembly by binding to ADP actin 

at the minus end (Pollard, 2016).  Overexpression of cofilin has been detected in several 

cancers and can, via cytoskeletal reorganisation, support cancer metastasis (Xu et al., 

2021a). Microfilament binding proteins also include the actin capping and severing proteins, 

such as gelsolin, that hinder association/disassociation by capping the barbed end (Pollard, 

2016). In addition to capping, gelsolin severs microfilaments resulting in more free ends for 

further elongation into new filaments (Pollard, 2016).   

Furthermore, there are several actin monomer binding proteins affecting the pool of G-actin 

and the nucleation event. Thymosin is a major regulator of actin dynamics, and by 

sequestering G-actin thymosin will hinder polymerization to retain a reserve pool of actin 

monomers ready for polymerisation  (Pollard, 2016). Profilin is a regulator of actin dynamics 

and cell motility. Profilin can act as a nucleotide exchange factor by adding ATP to actin 

monomers to initiate microfilament growth. In addition, profilin supports filament growth by 

binding to ATP bound G-actin to enhance filament incorporation (Pollard and Borisy, 2003). 

In addition, at high concentrations, profilin will compete with capping proteins at the barbed 

end hindering capping and promoting filament assembly (Pernier et al., 2016).  
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Intermediate filaments 

 

The third family of cytoskeletal proteins are the intermediate filaments. Intermediate 

filaments are divided into five classes where the two biggest classes are the keratins. In 

contrast to microfilaments and microtubules, intermediate filaments are not polar and 

therefore do not have associated motor proteins, they do not have an associated nucleotide 

and are therefore the most stable of the three types of cytoskeletal structures. Intermediate 

filaments are essential for several cellular processes, including controlling the shape of the 

nucleus. For example, intermediate filaments protect the DNA in the nucleus by forming a 

Figure 4. Actin dynamics. Microfilament and actin monomer binding proteins will affect 

the dynamics of the microfilament. Arp2/3 complex initiates a 70° branching to generate 

a highly diverged network of microfilaments (Mullins et al., 1998). Cofilin will enhance 

disassembly by binding to the ADP-bound actin at the minus end (Pollard, 2016). Gelsolin 

is an actin capping and severing protein capping the plus end of microfilaments and 

severing microfilaments to generate shorter microfilament fragments. Profilin is a 

nucleotide factor adding ATP to actin monomers to enhance filament growth (Pollard and 

Borisy, 2003). Thymosin can bind to monomeric actin and hinder the polymerisation 

(Pollard, 2016). 
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cage of intermediate filaments around the nucleus as structural support (Burgstaller et al., 

2010). Furthermore, intermediate filaments have been shown to be important during 

mitosis where they play a role in the breakdown of the nuclear envelope (Tsai et al., 2006) 

and interact with structures important for adhesion such as focal adhesions and 

desmosomes (Etienne-Manneville, 2018). 

 

Protein folding and molecular chaperones 

 

When a new amino acid chain emerges from the ribosome it needs to obtain a specific 3-

dimensional structure, the native state, to become a functional protein. The native state is 

essential for the functionality of proteins and to avoid protein aggregation. Every protein has 

a specific combination of amino acids making up the proteins amino acid chain. In most 

cases, the amino acid chain carries all the information needed to code for the final native 

structure.   

Inside the cell the environment is hydrophilic; as a consequence, correctly folded proteins 

tend to have their hydrophobic amino acids protected in the structural core of the protein 

and their hydrophilic amino acids exposed on the surface (Hartl and Hayer-Hartl, 2002). 

Proteins with exposed hydrophobic amino acid residues will have a higher risk of 

aggregation.  In addition, molecular crowding inside the cell due to the high macromolecular 

concentration leads to a high risk of aggregation of non-native proteins (Hartl and Hayer-

Hartl, 2002).  

To prevent aggregation, some proteins need help from molecular chaperones to attain their 

native structure (Ellis and van der Vies, 1991). The amino acid chain can easily start to 

aggregate as soon as it is synthesised. Therefore, some proteins start the folding process 

while still bound to the ribosome, with the help of ribosome bound chaperones. Other 

proteins might require the full amino acid sequence to be synthesised before they can begin 

to fold, and may form temporary amino acid interactions until obtaining the complete 

sequence. In addition, some proteins may be transported as a linear amino acid chain to 

their destination to be folded. The transport of linear chains is for example common if 

proteins need to be transported through a membrane to reach its correct destination. Many 
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molecular chaperones use the hydrolysis of ATP to generate conformational changes in the 

chaperone. Some chaperones will actively twist the folding substrate until the final native 

structure is achieved, whereas other molecular chaperones can hold on to the protein and 

protect it from aggregation or misfolding during the folding process. Some proteins may 

need help from one molecular chaperone, whereas others need several molecular 

chaperones before the final structure is completed.  

Proteins are unstable structures that are very sensitive to alterations in pH and temperature. 

Therefore, in addition to chaperones present during normal cell conditions, many molecular 

chaperones are activated during heat shock to refold misfolded proteins, such as the heat 

shock proteins (Hsps) (Hartl et al., 1992). The Hsps are transcriptionally regulated and are 

upregulated during cellular stress via the heat shock factor (HSF). 

Hsp70, and its constitutively expressed form Hsc70, recognises hydrophobic sequences in 

the polypeptide chain and therefore has a very general substrate recognition, resulting in 

Hsc70 interacting with a broad range of proteins. Hsc70 can act co-translationally and start 

the folding of the translated polypeptide chain directly when still bound to the ribosome. 

Hsp40 is a smaller molecular chaperone helping Hsp70 by delivering amino acid chains to 

Hsp70 (Wegele et al., 2006). Hsp90 is very abundant in cells during normal conditions and is 

essential for cell viability in eukaryotes (Lai et al., 1984). 

 

Chaperonins 

 

The chaperonins are a group of barrel shaped multi-subunit molecular chaperones, present 

in every kingdom of life, containing a central cavity where folding of substrates occurs in an 

ATP dependent manner (Bukau and Horwich, 1998). All chaperonins share the same 

structural architecture, with three domains in each subunit, the apical, intermediate and 

equatorial domain. The chaperonins are divided into two groups based on their sequence 

homology.  

Group I includes the prokaryotic chaperonins, such as the E.coli chaperonin GroEL, and 

chaperonins from endosymbiotic organelles. Chaperonins in group I consist of identical 

subunits forming the two rings and the lid closure is dependent on a co-chaperone, such as 
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the GroEL co-chaperone GroES  (Xu et al., 1997). Group I chaperonins contain exposed 

hydrophobic surfaces in the apical domain, which may interact with hydrophobic amino acid 

residues (Hartl and Hayer-Hartl, 2002).  

Chaperonins in group II encapsulate their folding substrates by inducing conformational 

changes in the apical domain helical protrusion upon ATP binding and therefore do not 

require a co-chaperone to facilitate closure of the cavity (Hendrick and Hartl, 1995). Group II 

chaperonins include the archaeal Thermosome and eukaryotic CCT (Lopez et al., 2015).  

 

CCT 

 

Chaperonin containing tailless complex polypeptide 1 (CCT), also known as Tailless complex 

polypeptide 1 Ring Complex (TRiC), is a eukaryotic chaperonin consisting of two rings stacked 

back-to-back with eight subunits in each ring. CCT consists of eight individual subunits that 

are encoded by individual genes, all essential in yeast (Stoldt et al., 1996). The subunits are 

named α-θ in mammals and 1-8 in yeast and each occupy a fixed position in the chaperonin 

ring (Kalisman et al., 2012; Leitner et al., 2012). The genes encoding the CCT subunits are all 

paralogues and they arise from gene duplications resulting in α, β, δ, ε and η being the most 

recent with a sequence identity of 30% between the subunits (Archibald et al., 2000; Kubota 

et al., 1997). 

All eight subunits are around 60 kDa in size and share the same architecture with a least 

conserved apical substrate binding domain, a conserved ATP-binding equatorial domain and 

an intermediate linker domain (Kim et al., 1994) (fig. 5a). The equatorial domain contains the 

ATP binding pocket sequence (GDGTT for the majority of subunits). Individual subunits have 

different affinities for ATP binding and the highest affinity subunits are located next to each 

other in the chaperonin ring (Reissmann et al., 2012) (fig 5b). 

CCT is not induced in response to heat shock; instead CCT is constantly expressed during 

normal cell growth. The major CCT folding substrates are the abundant cytoskeletal proteins 

actin and tubulin, two essential proteins for a majority of cellular processes. Both actin and 
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tubulin are completely dependent on CCT to reach their final native structures, and are thus 

considered to be obligate substrates (Sternlicht et al., 1993).  

 

 

 

 

 

CCT and folding 

 

Actin and tubulin are two very abundant, essential proteins in the cell. Therefore their 

correct folding is a major requirement for protein quality control and cellular health. The 

interactions between CCT and the obligate substrates actin and tubulin are mainly 

electrostatic and sequence specific for each substrate. Specificity in substrate recognition 

between CCT and actin and tubulin leads to both actin and tubulin interacting with CCT in a 

particular orientation. Several CCT subunits are involved in binding, resulting in actin and 

tubulin spanning over the chaperonin cavity. In the case of actin, surface loops in the actin-

sequence have been shown to bind CCT  (Hynes and Willison, 2000). Tubulin interacts with 

Figure 5. The molecular chaperone CCT. a) Domains of CCT subunits mapped onto the 

thermosome alpha chain (PDB: 1A6D) (Ditzel et al., 1998). The domains are colour coded 

with the apical, substrate binding domain (green), intermediate linker domain (blue) and 

equatorial ATP-binding domain (red) b) The CCT subunits have different affinities for ATP 

and are arranged in a specific order within the chaperonin ring with the high affinity 

subunits located on one side of the ring.   
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up to five specific CCT subunits and actin bind CCT via two CCT subunits (Llorca et al., 2001a; 

Llorca et al., 2000; Llorca et al., 1999) (fig. 6).  

 

 

 

 

CCT has evolved from being composed of eight identical subunits to have eight distinct 

subunits, encoded by individual genes, early in the eukaryotic evolution (Archibald et al., 

2000). It has been suggested that CCT may have co-evolved together with its main folding 

substrates and that the specific orientation needed for correct actin and tubulin folding may 

be a consequence of co-evolution. Before CCT evolved to eight distinct subunits, it is possible 

that the first step in the evolution into individual subunits resulted in advantageous 

interactions with tubulin and later on with actin (Willison, 1999) resulting in either a more 

effective folding cycle or protection of aggregation prone regions. Supporting a co-evolution 

between actin and CCT, neither GroEL nor the thermosome can fold actin or tubulin (Tian et 

al., 1995). Co-evolution would suggest an evolutionary advantage for the exact interactions 

between CCT and the obligate folding substrates, which are completely dependent to 

interact with CCT in a defined orientation. Furthermore, specific interaction sequences could 

be an advantage for an effective folding cycle. For example, during folding it may be 

mechanically advantageous for the substrate to be turned and twisted to obtain the correct 

structure. Having interactions in a specific orientation may have the potential to enhance the 

control of how and in what order the folding mechanism occurs. Thus the obligate folding 

Figure 6. Actin binding to CCT. The obligate substrate actin binds CCT in two possible 

specific orientations spanning the central folding cavity. Actin interacts with either CCTζ or 

CCTη, both ATP low-affinity subunits, and with the high-affinity subunit CCTδ. 
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substrates interact with CCT with a defined geometry (Llorca et al., 2001b; Llorca et al., 

2000). 

It is speculated that the interactions between CCT and substrates may be weak and 

therefore there is a need for the interaction to involve several subunits (Joachimiak et al., 

2014). Within each subunit sequence there are well conserved signature residues with an 

interaction core in the apical domain facing the folding cavity that can be linked to the 

folding function of CCT (Joachimiak et al., 2014; Pappenberger et al., 2002). The substrate 

binding region in the CCTγ apical domain, and the sequence of the corresponding positions 

in the other seven CCT subunits all contain primarily charged and polar residues 

(Pappenberger et al., 2002). In contrast, the substrate interaction for the prokaryotic 

chaperonin GroEL is mainly through hydrophobic interactions (Chen and Sigler, 1999) 

resulting in a more general substrate interaction compared to the specific interactions seen 

for CCT. The substrate specificity for CCT is a major difference when comparing substrate 

folding between CCT and more general chaperones, such as GroEL. 

The obligate folding substrates actin and tubulin are delivered to CCT by prefoldin, (GimC in 

yeast) (Vainberg et al., 1998). Prefoldin genes are not essential but, in the case of actin, 

delivery to CCT by prefoldin has been shown to increase the rate of native actin (Siegers et 

al., 1999), suggesting that prefoldin can improve the folding of actin and tubulin by ensuring 

that substrates are transported to CCT. The folding of actin and tubulin by CCT takes place 

when actin and tubulin are already in partially folded conformations (Llorca et al., 2000; 

Sternlicht et al., 1993). It has been suggested that the amino acid sequence of actin is not 

sufficient to code for the final three dimensional structures, as it requires CCT for folding. 

Unfolded actin is prone to aggregate, therefore actin has the potential to be sequestered by 

chaperones before being folded by CCT and thereby protected from aggregation (Grantham 

et al., 2012). In addition to binding co-translationally to prefoldin (Vainberg et al., 1998), one 

model of actin folding is presented where stabilisation of actin can occur by binding 

sequentially to CCT (Balchin et al., 2018).  

The folding cavity of CCT has a diameter of 60Å and can accommodate proteins up to 70kDa. 

Despite that, there are folding substrates for CCT that are over 70kDa in size and it has been 

suggested that CCT will encapsulate these bigger proteins in segments or domains to 
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sequentially fold parts of the bigger protein (Russmann et al., 2012). It is observed that 

denatured actin or tubulin can form stable complexes with CCT in the nucleotide-free form 

of CCT (Llorca et al., 2000; Llorca et al., 1999). One half of the chaperonin ring contains the 

subunits with highest ATP affinity, creating an asymmetry within the rings (Reissmann et al., 

2012) (fig 5b) and a model has been proposed for actin folding where the initial actin binding 

is via subunits with low ATP affinity. The binding of ATP to high affinity subunits will then 

result in conformational changes that will push actin to the opposite side of the ring and 

finally actin is released by ATP hydrolysis (Gruber et al., 2017; Reissmann et al., 2012; Vallin 

and Grantham, 2019) (fig 7).  

It has been proposed that almost 50% of CCT in the cell may be occupied by actin (Brackley 

and Grantham, 2009), the high amount of CCT occupied by the obligate folding substrates 

highlights the dependence of actin and tubulins interaction with CCT. Consistently, since 

actin or tubulin cannot be over-expressed to a high degree in a mammalian cell (Weinstein 

and Solomon, 1990) and due to the dependence of CCT for folding, this could indicate that 

the CCT oligomers are at full capacity with regards to folding. As a result, there may be 

limitations in CCT oligomers available for other folding substrates or interacting partners for 

CCT.   

In addition to the obligate folding substrates, some proteins can use CCT as a general folding 

machine when in non-native or off-pathway states. The CCT subunits contain a high degree 

of charged, polar amino acid residues that would be consistent with very specific, sequence-

dependent interactions. Conversely, some subunits do have hydrophobic residues in the 

area of substrate recognition that could indicate non-specific binding of substrates. There is 

still an ongoing debate about the specificity of CCT substrates and if CCT can fold a wider 

range of substrates or if the folding substrates are limited (Willison, 2018). Some studies 

suggest that CCT can fold up to 9-15% of cytosolic proteins (Thulasiraman et al., 1999) and a 

more recent study indicate this number to be 7% (Yam et al., 2008). Conversely, other 

studies show that not more than 1% is associated to CCT during in vivo pulse chase analysis 

(Grantham et al., 2006; Sternlicht et al., 1993). 
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CCT interactome 

 

Besides the highly abundant obligate substrates actin and tubulin, the CCT interactome 

includes other proteins using CCT for folding and also non-folding interactors of CCT (Dekker 

et al., 2008). Besides the cytoskeletal proteins, there are additional proteins known to be 

dependent on the folding by CCT; for example, the cell cycle related proteins Cdc20 and 

Cdh1 (Camasses et al., 2003). Cdc20 and Cdh1 belong to the seven bladed WD40 repeat 

containing family, a group of proteins that often many CCT interacting proteins belong to 

(Willison, 2018). In addition, there are proteins interacting with CCT as a more general 

folding machine but are not dependent on CCT for folding.  

The CCT interactome will include proteins that are regulators of CCT activity. For example, 

phosducin-like protein 1 (PhLP1) has been shown to inhibit in vivo actin folding and act as a 

co-chaperone for CCT (McLaughlin et al., 2002; Willardson and Howlett, 2007). Furthermore, 

CCT oligomer has non-folding interacting partners. For example, CCT has been shown to 

Figure 7. Actin folding by CCT (Vallin and Grantham, 2019). a) Actin (green) interacts 

with two specific subunits in the CCT oligomer. b) The high-affinity CCT subunits (red) will 

first bind ATP leading to a powerstroke (black arrows), that will release actin from the 

high-affinity side of the chaperonin ring (Llorca et al., 2001b; Reissmann et al., 2012). c) 

All CCT subunits will bind ATP and hydrolysis will start at the CCTζ or CCTη and the 

hydrolysis will progress either clockwise (solid blue arrow) or counter-clockwise (open blue 

arrow), releasing the folding substrate (Gruber et al., 2017).  
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reduce the rate of microfilament polymerisation at the plus end of the filaments (Grantham 

et al., 2002) and CCT can bind the actin severing protein gelsolin and modulate its activity 

(Brackley and Grantham, 2011; Svanstrom and Grantham, 2016). Additionally, CCT can act as 

a platform for assembly of the von Hippel Lindau tumor suppressor proteins and Elongins 

(Melville et al., 2003) and modulate the aggregation of polyglutamine-containing proteins 

(Grantham, 2020).  

 

CCT monomer functions 

 

Subunits of CCT can, in addition to being incorporated into the oligomer, be present as free 

monomers or create smaller assemblies of two or more CCT subunits (Collier et al., 2021; 

Liou and Willison, 1997).  

There is a difference in the expression levels of the eight CCT subunits detected in yeast with 

some subunits being more highly expressed than others (Matalon et al., 2014), indicating 

that some individual subunits could be more abundant as monomers. Furthermore, 

mutations in the yeast ATP binding pocket in all eight CCT subunits resulted in different 

phenotypes (Amit et al., 2010). It is now well established that CCT subunits can have 

individual functions as monomers and many of these functions can be connected to the 

cytoskeletal structures in the cell. For example, CCTα, CCTγ, CCTζ and CCTθ can act as MAPs 

(Roobol et al., 1999). 

Monomeric CCTε can be linked to actin transcription via the serum response factor (SRF). 

CCTε binds to the SRF co-activator myocardin-related transcription factor A (MRTF-A) via the 

substrate binding domain of CCTε (Elliott et al., 2015). The interaction between CCTε and 

MRFT-A will alter the increase of MRTF-A in the nucleus after serum stimulation, suggesting 

a role for CCT in the regulation between actin transcription and folding. In addition, CCTε can 

interact with actin bundles and can affect cell shape in mammalian cells (Brackley and 

Grantham, 2010). When monomeric CCTδ is overexpressed, actin-containing cell surface 

protrusions are formed suggesting a function for CCTδ when in its monomeric form (Spiess 

et al., 2015). Studies extending the knowledge of monomeric CCTδ function will be a main 

part of this thesis and will be presented in the results and discussion.  
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The CCT oligomer is very dynamic with regard to the assembly state with a balance between 

oligomer and free subunits. How the assembly state of CCT is regulated is still not fully 

understood, even though it has been observed that the concentration of ATP and K+ can 

affect the assembly state (Roobol et al., 1999). Since it is now well established that individual 

CCT subunits can have functions as monomers, it is essential to understand the regulation 

between an oligomeric and monomeric state to control functions related to CCT oligomer or 

monomer. 

 

CCT and cancer 

 

CCT is involved in cellular processes directly related to cancer. Not only does CCT fold actin 

and tubulin, both closely related to cancer via cell migration and cell division, CCT also folds 

cell cycle related proteins such as cdc20p and cdh1p and is important for the assembly of the 

anaphase promoting complex (APC/C) activation allowing transition to anaphase (Camasses 

et al., 2003). Furthermore, CCT is involved in the release of cdc20 from the mitotic 

checkpoint complex (MCC) (Kaisari et al., 2017) and interacts with polo-like kinase 1 (Plk1) 

(Liu et al., 2005). 

Increased levels of CCT have been observed in cancer cell lines (Yokota et al., 2001) and in 

human tumour samples (The genome cancer atlas TCGA). In addition, CCTδ and CCTγ have 

been shown to be upregulated in cells migrating from a primary tumor into a needle of extra 

cellular matrix (Wang et al., 2004). An increase in CCT subunit mRNA levels are observed at 

the transition from G1 to S phase in the cell cycle (Yokota et al., 1999) and when reducing 

CCT levels by siRNA, a halt in cell cycle progression is observed (Grantham et al., 2006). 

Additionally, a delay from G1 to S phase in the cell cycle has been detected when changing 

the folding rate of CCT, by micro-injection of a CCTε antibody, indicating that there is a need 

for a fully functional CCT oligomer pool for folding during normal cell growth (Grantham et 

al., 2006). 

Transcription factors are proteins responsible for inducing transcription of certain genes, 

many of which are upregulated during cancer (Darnell, 2002) and CCT has been shown to 

interact with several transcription factors, for example the von Hippel-Lindau suppressor 
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protein (VHL), p53, the programmed cell death protein 5 (Pdcd5) and STAT3 (Feldman et al., 

1999; Kasembeli et al., 2014; Tracy et al., 2014; Trinidad et al., 2013).  

During metastasis, where cancer cells migrate from the primary tumour to be transported 

through the bloodstream to nearby organs, actin rearrangement and the formation of actin 

dependent lamellipodia are important for cell migration. Lamellipodia and filopodia are both 

built up by microfilaments and are important during cell migration events (Hoglund et al., 

1980) (fig 3). Cell migration is closely connected to a functional microfilament network, 

highlighting the interaction between CCT and actin, both in folding and regulatory events 

during cancer cell migration and invasion. Not only does CCT fold actin and have the ability 

to regulate actin transcription, CCT also interacts with actin regulatory proteins such as PAK4 

and gelsolin (Brackley and Grantham, 2011; Zhao et al., 2017). 

 

Gelsolin 

 

Gelsolin is an 86 kDa actin capping and severing protein composed of six domains, where 

domain 1-3 and 4-6 are connected by a linker sequence containing a cleavage site for 

caspase-3 (Kothakota et al., 1997; Kwiatkowski et al., 1985; Kwiatkowski et al., 1989). 

Gelsolin exists in two isoforms where isoform-1 is secreted and isoform-2 is cytoplasmic and 

can increase actin dynamics by severing microfilaments. During microfilament dynamic 

processes in the cell, such as cell migration, gelsolin severs microfilaments by breaking the 

non-covalent bonds between individual actin molecules in the filament and then binds to the 

plus end of microfilaments acting as a capping protein (Harris and Weeds, 1984; Yin and 

Stossel, 1979). As a result, active gelsolin will generate increased numbers of shorter 

microfilaments growing at the minus end as well as an increase in free actin monomers (Sun 

et al., 1999).  

The activation of gelsolin is dependent on the concentration of Ca2+ and in the absence of 

Ca2+, gelsolin is kept in its inactive form where gelsolin domain two is associated with 

domain six (Doi et al., 1990; Sun et al., 1999). Gelsolin has a high affinity for 

phosphoinositides and during the inactive state gelsolin is bound to PIP2, inhibiting actin 

capping by dissociation of gelsolin from the microfilament (Janmey et al., 1987). Free 
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gelsolin can bind two calcium ions cooperatively, resulting in a conformational change within 

the C-terminal half of gelsolin exposing the N-terminal actin binding sites (Kwiatkowski et al., 

1989; Li et al., 2012).  

As active gelsolin will result in more microfilament ends and thereby increased actin 

dynamics, it is important during cellular processes dependent on a dynamic microfilament 

network, such as cell motility. Consistently, overexpressed gelsolin has been shown to 

increase cell motility (Cunningham et al., 1991) whereas a reduction in gelsolin results in 

reduced cell motility in wound healing assays and a decrease in invasiveness (Van den 

Abbeele et al., 2007; Witke et al., 1995). On the other hand, gelsolin is down regulated in 

several different breast cancer cells (Mielnicki et al., 1999) indicating different roles for 

gelsolin during cancer development.  

During apoptosis, active gelsolin is cleaved by caspase-3 at the exposed caspase-cleavage 

site between amino acid residues D352 and G353 in the linker generating two cleavage 

products: the 39kDa N-terminal and the 41kDa C-terminal (Kothakota et al., 1997). 

Consistently, depletion of gelsolin in vascular smooth muscle cells resulted in a reduced rate 

of apoptosis implicating the importance of gelsolin during apoptosis (Geng et al., 1998). 

Full-length gelsolin was identified as a CCT interaction partner via immunoprecipitation and 

by in vitro translation combined with native PAGE the CCT:gelsolin interaction is shown to be 

via gelsolin domain 4 (Brackley and Grantham, 2011). During in vitro translation assays 

gelsolin does not behave as a CCT folding substrate as gelsolin accumulates on CCT over time 

(Brackley and Grantham, 2011). One would expect that a folding substrate would bind to 

CCT at early time points during in vitro translation in rabbit reticulocyte lysates to later be 

released when folded, as is the case for actin.  

The calcium-bound active form of gelsolin interacts with CCT. In the presence of CCT, 

microfilament severing by gelsolin is shown to be reduced (Svanstrom and Grantham, 2016). 

The ability for CCT to inhibit microfilament severing suggests a role for CCT oligomer in 

cellular processes involving extensive microfilament rearrangements, such as cell motility. In 

this thesis, one paper is included where the CCT:gelsolin interaction is further studied 

including where in the cell this interaction takes place, together with cryo-EM 

reconstructions and biochemical analysis to determine the consequences of this interaction.   
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STAT3 

 

Signal Transducer and Activator of Transcription 3 (STAT3) belongs to a group of 

transcription factors containing seven protein family members and is activated by cytokines 

on the cell surfaces and transported into the nucleus for the transcription of target genes 

(Zhong et al., 1994).  

STAT3 consists of six domains (fig 8) and two isoforms, the full-length STAT3α and the 

truncated STAT3β (Sgrignani et al., 2018). The N-terminal domain (NTD) is involved in dimer 

formation, the coiled-coiled domain (CDD) contains interaction sites for protein interaction 

and the SRC Homology 2 (SH2) contains the site where dimers are interacting (Sgrignani et 

al., 2018).  

STAT3 is activated through three main steps (fig 8) involving phosphorylation at the main 

phosphorylation site (Y705), dimerization and translocation to the nucleus (Dutta et al., 

2014). The initial step of phosphorylation of STAT3 at Y705 is induced by the binding of 

cytokines, for example Interleukin-6 (IL-6), to the corresponding cell surface receptor which 

then phosphorylate the JAK protein bound to the receptor and JAK phosphorylates STAT3 at 

amino acid residue Y705 (Darnell, 1997; Li, 2008). When phosphorylated, STAT3 then 

dimerises with another STAT3 monomer via the SH2 domain of STAT3 and is transported 

into the nucleus to start transcription of STAT3 target genes (Chen et al., 1998). 

The DNA-binding domain (DBD) of STAT3 has been observed to bind to CCTγ (Kasembeli et 

al., 2014). The interaction between CCT and STAT3 is ATP-dependent; therefore it is possible 

that STAT3 is folded by CCT (Kasembeli et al., 2014). However, mCherry-CCTγ and STAT3 are 

suggested to translocate to the nucleus upon IL-6 stimulation (Kasembeli et al., 2014). As 

mCherry is a similar size to GFP and the addition of a GFP-tag to the N-terminus of CCT 

subunits will hinder oligomerisation (Spiess et al., 2015), the question is raised of whether 

STAT3 could interact with monomeric CCT subunits. This thesis includes one paper where a 

full assessment of the interactions between CCT and STAT3 with regard to folding and at all 

stages of STAT3 activation is performed and a model is presented where CCT acts as a 

sequestering protein that influences STAT3 phosphorylation.  
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Figure 8. STAT3 activation. a) Cartoon representation of STAT3 with domain boundaries, 

CCT binding domain and phosphorylation site at tyrosine 705 (Y705) labelled. The domains 

are labelled as: N-terminal domain (NTD), coiled-coiled domain (CCD), DNA-binding 

domain (DBD), linker domain (LD), SH2-domain (SH2) and trans-activation domain (TAD). 

b) Activation of STAT3 is initiated by growth factors or cytokines (for example IL-6) binding 

to the corresponding receptor at the cell surface, initiating phosphorylation of the 

receptor-bound JAK protein which then phosphorylates STAT3 at the main 

phosphorylation site (Y705). Phosphorylation then promotes dimer formation and the 

STAT3 dimers are transported into the nucleus where it transcribes the STAT3 target 

genes (Dutta et al., 2014). 
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RESULTS AND DISCUSSION 

This thesis will present five publications/manuscripts where the non-folding properties of 

CCT will be in focus. All papers contribute to the further understanding of the extended role 

for CCT beyond folding. 

The first three studies are based on a previous paper where monomeric CCTδ, when 

overexpressed, translocated to the plasma membrane and formed actin-containing cell 

surface protrusions, a change in cell morphology that we refer to as a ‘protrusion 

phenotype’ (Spiess et al., 2015). We use a method where the addition of a GFP-tag to the N-

terminus of CCT subunits hinders oligomer incorporation of the tagged subunit (Spiess et al., 

2015). This approach can be used to study overexpression of monomeric CCTδ without 

affecting the oligomer assembly. The formation of the protrusions is specific to CCTδ and is 

not observed when overexpressing any of the other seven CCT subunits, implicating that 

there may be an underlying function of monomeric CCTδ that is enhanced when levels of 

CCTδ are increased. In paper I, II and III we aimed to find the mechanism and consequences 

behind the monomeric CCTδ function.   

In the oligomer state, CCT can have functions in addition to folding. For example, CCT binds 

the transcription factor STAT3 (Kasembeli et al., 2014) and modulates the activity of the 

actin severing protein gelsolin (Brackley and Grantham, 2011; Svanstrom and Grantham, 

2016). Paper IV and V focuses on the non-folding properties of the CCT oligomer, with the 

focus on the capability for CCT to act as a sequestering protein. In paper IV a full assessment 

of the CCT:STAT3 interaction at all stages of STAT3 activation is presented and  paper V 

focuses on the CCT:gelsolin interaction. 
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Paper I: Interactions between monomeric CCTδ and p150Glued: A novel function for 

CCTδ at the cell periphery distinct from the protein folding activity of the molecular 

chaperone CCT 

 

Here, we aimed to find the underlying function of monomeric CCTδ to understand the 

mechanism behind the formation of the cell surface protrusions that occur when monomeric 

CCTδ levels are increased. 

To find interaction partners for monomeric CCTδ, we performed a yeast-two-hybrid 

protein:protein interaction screen with mouse full-length CCTδ as bait (placed on the N-

terminus to hinder oligomer incorporation) to screen a cDNA library prepared from four 

human breast epithelial cell lines. The yeast-two-hybrid screen identified one binding 

partner for CCTδ, the dynactin complex component p150Glued and the sequences obtained 

from the yeast-two-hybrid screen show the interaction between CCTδ and p150Glued to occur 

via the dynein binding CC1 domain of p150Glued.  

Immunoprecipitation from B16F1 cells co-transfected with GFP-CCTδ and p150Glued-myc 

confirmed p150Glued binding to GFP-CCTδ via the CC1 domain of p150Glued. We observed no 

cell surface protrusion formation when p150Glued levels were reduced by siRNA prior to 

overexpressing CCTδ and could therefore conclude that the formation of the actin-

containing protrusions are dependent on interactions between CCTδ and p150Glued. The 

p150Glued CC1 domain is located on the outside surface of the dynactin complex and can be 

very flexible (Urnavicius et al., 2015). Therefore, it is possible that the binding of CCTδ to the 

p150Glued CC1 domain can stabilise a specific conformation for p150Glued or induce 

conformational changes in p150Glued. 

Neither an ATP-binding pocket mutant (CCTδD104E) nor an apical domain mutant (CCTδG357D) 

can induce the protrusion phenotype and no translocation to the plasma membrane is 

observed when GFP-CCTδD104E or GFP- CCTδG357D is expressed (Spiess et al., 2015). Therefore, 

it is suggested that a wild-type apical domain as well as a functional ATP binding pocket are 

required to induce the protrusion phenotype (Spiess et al., 2015). By immunoprecipitation, 

we found that the apical domain mutant does not bind to p150Glued-myc whereas the ATP-

binding pocket mutant binds to the same extend as CCTδ to both full-length p150Glued-myc 

and the CC1-myc. This is consistent with the requirement for both a wild-type apical domain 
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and a functional ATPase activity to induce the cell surface protrusions.  Since the binding site 

between CCTδ and p150Glued is in CCTδ apical domain it indicates that the ATPase activity 

may be required to induce conformational changes, there is a possibility that CCTδ may 

induce conformational changes in p150Glued.  

The binding of the dynein motor to microtubules, which is mediated by p150Glued, is 

responsible for microtubule minus end directed transport (Urnavicius et al., 2015). The 

protrusions observed when overexpressing CCTδ are known to be retraction fibres (Spiess et 

al., 2015), often associated to microtubule minus end directed transport via dynein. 

Consistently, microtubules were observed close to the plasma membrane and in the thicker 

protrusions in GFP-CCTδ expressing B16F1 cells when imaged by structured illumination 

microscopy (SIM). Furthermore, we found that the protrusions were unable to form when 

cells were exposed to a microtubule depolymerizing drug at the start of CCTδ transfection. 

Exposing cells to the same microtubule depolymerizing drug after transfection with CCTδ, 

hence after the protrusions have formed, did not cause a collapse of the protrusions. We 

therefore concluded that microtubules are important for the formation of the phenotype 

but are not essential for the maintenance of the protrusions.  

GFP-CCTδ localises to the plasma membrane and is found in membrane fractions during 

subcellular fractionation (Spiess et al., 2015). Since no direct association with the plasma 

membrane has been reported for either CCTδ or p150Glued, it was probable that a third 

interaction partner could be involved and we predicted a membrane associated protein. One 

transmembrane protein, dynAP, is known to bind to the dynactin complex and can associate 

to the plasma membrane (Kunoh et al., 2010). Therefore, we reduced dynAP by siRNA in 

human breast adenocarcinoma MCF-7 cells transfected with GFP-CCTδ. This resulted in a 

reduction in cells forming the protrusion phenotype and reducing levels of either p150Glued 

or dynAP prevented the localisation of GFP-CCTδ to the plasma membrane.  

GFP-CCTδ, p150Glued-myc and flag-dynAP transfected B16F1 cells were imaged with SIM to 

find the cellular localisation of these three proteins in cells with a protrusion phenotype. 

GFP-CCTδ and flag-dynAP could be seen at the cell periphery and GFP-CCTδ and p150Glued-

myc were in close proximity to each other where the plasma membrane is concave. In the 
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protrusions, we could detect p150Glued-myc partly in the thin protrusion whereas GFP-CCTδ 

and flag-dynAP was detected in the far end of the protrusions.  

The CCTδ:p150Glued interaction together with dynAP can induce the cell surface protrusions. 

Reducing either p150Glued or dynAP will result in an abolishment of the phenotype, 

highlighting the importance of all three components. It is therefore probable that they form 

a trimeric complex. We were not able to show the dynAP interaction biochemically and 

therefore it is a possibility that the interaction involving dynAP is very transient and difficult 

to detect biochemically. However, we concluded that dynAP is essential for the cell surface 

protrusions as a reduction in dynAP by siRNA resulted in loss of the phenotype. This is 

consistent with the SIM where flag-dynAP could be detected in the far end of the 

protrusions.  

To extend this study with the aim to understand the role of dynAP, more experiments will 

have to be performed showing the dynAP interaction with either CCTδ, p150Glued, or both.  It 

is possible that the interaction with dynAP can be detected if the proteins are chemically 

cross-linked before immunoprecipitation to stabilise potential transient interactions 

(Miernyk and Thelen, 2008). To detect the interaction in living cells, bimolecular 

fluorescence complementation (BiFC) analysis may be beneficial. During BiFC, two fragments 

of a non-fluorescent protein will form a fluorescent complex when the two labelled proteins 

are in proximity to each other (Kerppola, 2008). 

Previously published data show CCTδ and CCTγ to be upregulated in invasive cells (Wang et 

al., 2004) and cells with increased levels of dynAP have an increased wound healing activity 

(Kunoh et al., 2015). Furthermore, the dynactin complex together with dynein is present at 

the leading edge of cells and there they are able to contribute to directional cell migration 

(Dujardin et al., 2003). Since CCTδ, dynAP and the dynactin complex have been reported to 

be closely linked to cell migration or invasion, the biological significance of the 

CCTδ:p150Glued interaction was examined in cell migration assays. B16F1 cells transfected 

with GFP-CCTδ, GFP-CCTβ, GFP-CCTδD104E or GFP-CCTδG357D were tracked when migrating 

into a wound in a wound healing assay and low expressing GFP-CCTδ cells were faster 

compared to the other three GFP-constructs. It is possible that an increase in monomeric 
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CCTδ could enhance directional cell migration via the CCTδ:p150Glued interaction at the 

plasma membrane and that this interaction could potentially enhance cell migration.  

This work has made it possible for us to present a model where cell surface protrusions are 

formed from plasma membrane inward movements when CCTδ is overexpressed, a result of 

increased interactions between monomeric CCTδ and p150Glued at the plasma membrane. 

Together with dynAP, CCTδ:p150Glued accumulate at the plasma membrane and induce cell 

surface protrusions via dynein minus end transport along microtubules (fig 9).  

 

 

  

Figure 9. Model of cell surface protrusion formation caused by monomeric CCTδ 

(Echbarthi et al., 2018). Monomeric CCTδ interacts with the p150Glued component of the 

microtubule associated dynactin complex and is linked to the plasma membrane via the 

trans-membrane protein dynAP. During minus end directed transport along microtubules, 

an inward movement of the plasma membrane will create actin-containing cell surface 

protrusions, a result of overexpressed monomeric CCTδ. 
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Paper II: Correlated fluorescence microscopy and multi-ion beam secondary ion 

mass spectrometry imaging reveals phosphatidylethanolamine increases in the 

membrane of cancer cells over-expressing the molecular chaperone subunit CCTδ 

 

In paper I, we presented a model for the mechanism driving the inward membrane 

movement caused by overexpression of CCTδ. The membrane curvature change is most 

likely due to mechanical forces on the plasma membrane created by dynactin:dynein minus-

end directed transport along microtubules and it is well known that a dynamic plasma 

membrane is important in processes requiring highly curved membranes . In addition, cells 

migrating from a primary tumour to metastasise can have changes in lipid profiles (Luo et al., 

2017), implicating the importance of understanding these changes in membrane 

composition in a cancer cell biology context.   

Here, we extend the understanding of the function of monomeric CCTδ (Echbarthi et al., 

2018; Spiess et al., 2015) and used correlated fluorescence microscopy and ToF-SIMS and 

detected changes in lipid membrane composition in cells expressing GFP-CCTδ. Cells 

expressing GFP-CCTδ are compared to non-expressing cells, to detect lipid changes which 

could impact upon the membrane curvature of the cells. We found that cells expressing GFP-

CCTδ have an increase in phosphatidylethanolamines (PE), lipids often found in membranes 

with high curvature.  

We used GFP-CCTδ transfected B16F1 cells seeded onto a microscope slide coated with Ti 

and Au for imaging. Due to transfection efficiencies, not all of the cells will express GFP-CCTδ 

and show the phenotypic change. Therefore, we used a microscope slide with a grid to be 

able to localise single GFP-CCTδ expressing cells.  

By fluorescence imaging in combination with dual beam imaging ToF-SIMS analysis we could 

detect and analyse individual GFP-CCTδ expressing cells and performed principal component 

analysis (PCA) to detect changes in lipid composition between GFP-CCTδ expressing cells and 

non-expressing cells. Cells expressing GFP-CCTδ show an increase in PE lipids in comparison 

to phosphatidylinositol (PI) lipids. Higher membrane curvatures are often associated with PE 

as they have small head groups compared to the large sugar composed head groups for PI. 

The increase in PE and the change in lipid composition can result in an increase in membrane 

fluidity and would support the curved membrane observed in GFP-CCTδ expressing cells to 
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form. Increased PE can be associated with cancer and, targeting PE membrane lipids could 

potentially distinguish a cancer cell from a non-cancerous cell and thereby be a cancer 

therapeutic target (Tan et al., 2017).  

In summary, we have used a combination of fluorescence microscopy with dual beam SIMS 

analysis to find differences in lipid composition in cells with highly curved membranes as a 

result of mechanical inward movement of the plasma membrane extending our 

understanding the consequences of the monomeric functions of CCTδ. 

 

Paper III: Functional assessment of the V390F mutation in the CCTδ subunit of 

chaperonin containing tailless complex polypeptide 1 

 

Here, we have used the COSMIC database to find point mutations in CCTδ reported in cancer 

cell lines to extend our understanding of how single amino acid changes in CCT subunits may 

influence cellular processes.  The valine to phenylalanine substitution at position 390 in CCTδ 

was reported in five different cancer cell lines (carcinomas of the oesophagus, ovary, 

stomach, aerodigestive tract and haematopoietic/lymphoid neoplasm) and we examined the 

effect of this mutation both on CCT oligomer assembly and CCTδ monomer function. We 

used an assay where cells expressing GFP-CCTδ are migrating towards a chemoattractant 

through a porous membrane and developed this assay by including GrowDex®, an animal-

free hydrogel as a 3D matrix.  

 

V390 is located at the border between the apical and intermediate domain, indicating that 

this position may be important in the structure linking the intermediate and apical domain. 

V390 is well conserved between human and mouse and within the same species the 

corresponding position in other subunits contains amino acids of similar characteristics. A 

well conserved amino acid indicates an evolutionary important position for structure and/or 

function.  

 

To investigate possible effects of the V390F mutation on CCT oligomerisation, GFP-CCTδV390F 

or GFP-CCTδ transfected B16F1 cell lysates were separated by sucrose density gradient 

fractionation to be able to distinguish between oligomer and monomer fractions. We 
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detected a statistical significant increase in GFP-CCTδV390F in the oligomer fractions 

compared to GFP-CCTδ, indicating that this single amino acid change in CCTδ can increase 

the CCT oligomer pool. Increasing the oligomer pool could result in more CCT oligomer being 

available for the folding of less abundant substrates that are otherwise in competition with 

the very abundant obligate folding substrates actin and tubulin. An increased oligomer pool 

may also increase the cells capacity to produce more native actin and tubulin. For example, 

during cell cycle G/S phase, mRNA levels of tubulin are increased to prepare for the 

extended need for tubulin during mitosis. Affecting the CCT assembly state may therefore 

influence the CCT available for both monomeric CCT subunit functions and CCT oligomer 

functions.  

 

Monomeric CCTδ is known to bind p150Glued (paper I) and when overexpressed, CCTδ causes 

formation of cell surface protrusions (Spiess et al., 2015). Therefore, we examined if cells 

harbouring the V390F mutation in CCTδ were able to induce the surface protrusions and 

bind to p150Glued. We found that GFP-CCTδV390F does not bind p150Glued and observed a 

reduction in cells with a protrusion phenotype when expressing GFP-CCTδV390F compared to 

cells expressing GFP-CCTδ. V390 is a well conserved amino acid position implicating that it 

may be involved in retaining the structural integrity of CCTδ. It is possible that the V390F 

mutation can alter the structure of CCTδ, resulting in blocking the binding site between CCTδ 

and  p150Glued. 

 

In paper I, we show that cells with a moderate expression of GFP-CCTδ migrate faster into a 

wound in wound healing assays compared to cells expressing GFP-CCTβ, GFP-CCTδG357D or 

GFP-CCTδD104E. To study chemotaxis cell migration of cells expressing different point 

mutations for CCTδ, we developed an experimental setup where we were able to study 

chemotaxis cell migration through GrowDex®, an animal-free 3D matrix, using laminin as a 

chemoattractant. Here, we extend the migration assays in paper I by examining chemotaxis 

cell movement with cells migrating through a porous membrane towards laminin in the 

presence or absence of a 3D matrix to mimic the ECM surrounding the cells in the body, 

important to understand both normal cell migration and metastasis in cancer development. 

We used the animal-free GrowDex® hydrogel as 3D matrix and found differences in how fast 

cells migrate through the membrane depending on the presence of the 3D matrix or 
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expression of different GFP-CCTδ constructs. Here we use laminin as a chemoattractant, a 

compound often found in animal-based matrixes. By using an animal-free hydrogel we were 

able to ensure that the chemoattractant used is not already in the matrix.  

 

In this study, we observed that cells expressing GFP-CCTδ are faster, compared to cells 

expressing any of the three CCTδ mutations that are shown to not induce the protrusion 

phenotype, when cells are migrating through the membrane towards a chemoattractant, but 

are not faster when migrating through a 3D matrix. We therefore speculate that the 

interaction between monomeric CCTδ and p150Glued may have greater effect for certain 

kinds of cell movements than others.  

 

In summary, one point mutation in CCTδ, found in several cancer cell lines, can potentially 

affect both the assembly of CCT oligomer and reduce the monomeric function of CCTδ. 

Elevated expression levels and gain of function for CCT subunits have been observed in 

breast cancer (Ghozlan et al., 2021; Xu et al., 2021b). Altered profiles of CCT oligomer and 

monomer levels occurring due to a mutation therefore have the potential to have similar 

effects as an increase in protein expression levels of CCT (leading to amplified protein levels). 

Here, one point mutation in CCTδ is shown to be sufficient to abolish CCTδ monomer 

function as well as increasing the CCT oligomer pool. Thus, mutations found in cancer cell 

lines and tumors that potentially could disrupt the equilibrium between CCT assembly states 

in the cell are of interest to understand the cancer cell landscape. Therefore, characterising 

CCT subunit point mutations associated with cancer are crucial to understand the effects of 

an altered CCT assembly state. Identification of point mutations in CCT subunits that have 

the potential to alter the assembly state can provide a tool to further study how the 

assembly state is regulated.  

 

Paper IV: Sequestration of the Transcription Factor STAT3 by the Molecular 

Chaperone CCT: A Potential Mechanism for Modulation of STAT3 Phosphorylation 

 

CCT is known to bind to the DNA-binding domain of the transcription factor STAT3 in an ATP 

dependent manner (Kasembeli et al., 2014) raising the question if STAT3 is a CCT folding 
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substrate. In paper IV, we aimed to investigate the CCT:STAT3 interaction to determine if 

STAT3 is a folding substrate of CCT and study the CCT:STAT3 interaction at all stages of 

STAT3 activation. Moreover, we assess whether the interaction between CCT and STAT3 is 

through CCT oligomer or individual subunits in their monomeric state. 

By isolating CCT oligomer containing fractions by sucrose density gradient fractionation we 

could perform immunoprecipitation assays from CCT oligomer containing fractions only, and 

detected binding between the CCT oligomer and STAT3. To determine if STAT3 is a folding 

substrate of CCT we produced STAT3-myc in an in vitro translation assay, using rabbit 

reticulocyte lysate. We detected a small fraction of full-length STAT3-myc associating with 

CCT later in the time course and accumulating on CCT over time, in contrast to an obligate 

CCT folding substrate that is expected to bind at early time-points during in vitro translation 

to be released when folded (Grantham et al., 2000). Conversely, the actin capping and 

severing protein gelsolin, a known interactor but non-folding substrate for CCT, accumulates 

on CCT (Brackley and Grantham, 2011). Thus, STAT3 does not behave as an obligate CCT 

folding substrate, raising the question if the CCT:STAT3 interaction affects any stage of 

STAT3 activation. 

 

The first step in the activation of STAT3 is receptor-mediated phosphorylation at Tyr705 

(Dutta et al., 2014). We depleted all the subunits of CCT individually in human breast 

adenocarcinoma MCF-7 cells and stimulated the cells with IL-6 (known to induce STAT3 

Tyr705 phosphorylation) to allow for detection of any changes in STAT3 phosphorylation. 

We observed an increase in STAT3 Tyr705 phosphorylation when CCT levels are reduced by 

siRNA in MCF-7 cells. The increase in phosphorylation levels of STAT3 in the cytoplasm was 

observed when depleting all eight subunits and in the nucleus when depleting five CCT 

subunits. The increase in phosphorylation levels during CCT depletion is suggesting a 

potential role for CCT in modulating STAT3 activation. A reduction in any of the eight 

subunits will lead to loss of assembled oligomer in addition to reduced levels of the target 

subunit.  Here, the increase in STAT3 phosphorylation after CCT subunit reduction is 

observed for all subunits, indicating an involvement of the CCT oligomer rather than 

monomeric CCT subunit functions. Consistently, when we overexpressed individual CCT 

subunits as GFP-fusions (i.e. monomeric) no difference in STAT3 phosphorylation is 
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observed, consistent with the effect being oligomer specific Therefore, we suggest the 

phosphorylation increase to be a result from the loss of CCT oligomer rather than a specific 

subunit loss.  

In contrast to our observation of increased phosphorylation levels when levels of CCT 

subunits are reduced in MCF-7 cells, stimulating HepG2 cells with a low concentration of IL-6 

after reduction of CCTβ has been shown to result in reduced sensitivity to IL-6 (Kasembeli et 

al., 2014). To assess this discrepancy we reduced levels of three CCT subunits simultaneously 

(β, γ, η) to ensure disruption of the oligomer. We assessed this in both MCF-7 and HepG2 cell 

lines in parallel to detect any potential differences between the cell lines. By depleting three 

subunits simultaneously in the two cell lines, instead of all eight subunits individually, we 

were able to quantify the response in the two cell lines on a single membrane allowing us to 

compare MCF-7 cells to HepG2 cells. MCF-7 and HepG2 show similar levels of un-

phosphorylated STAT3 and the two cell lines were stimulated with both low and high 

concentrations of IL-6 simultaneously. We observed a difference in the response to IL-6 

between MCF-7 and HepG2 cells where no phosphorylation in MCF-7 cells was detectable at 

the low concentration of IL-6, whereas HepG2 clearly responded to low IL-6 levels. At the 

high concentration of IL-6 tested, both cell lines showed detectable levels of Y705 

phosphorylation. For the HepG2 cells, we did not observe any statistically significant change 

in phosphorylation levels at any concentration of IL-6 tested, even when depleting CCT. It is 

therefore possible that the effect on phosphorylation by IL-6 when reducing CCT levels is cell 

line specific. Differences in levels of IL-6 receptors had been observed for different cell lines 

(Matsuo et al., 2003). It is therefore possible that the response to IL-6 differs between cell 

lines due to differences in IL-6 receptors and that the consequence of CCT:STAT3 interaction 

may have a greater impact in cells with lower levels of STAT3 phosphorylation.  

Phosphorylated STAT3 dimerises with another STAT3 molecule before translocation to the 

nucleus (Dutta et al., 2014). To determine if STAT3 could dimerise in CCT depleted cells, we 

reduced levels of either CCTδ or CCTε in MCF-7 cells before stimulation with IL-6. Cell lysates 

were separated by sucrose density gradient centrifugation and a shift towards the heavier 

fractions is observed in both control cells and siRNA treated samples, suggesting that STAT3 

dimerisation is unaffected when levels of CCT are reduced.  
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Dimers of STAT3 then translocate to the nucleus and start to transcribe the target genes 

(Dutta et al., 2014). A previous study indicates translocation of mCherry-CCTγ to the nucleus 

upon IL-6 stimulation (Kasembeli et al., 2014); since the size of mCherry is similar to the size 

of GFP we had reason to consider mCherry-CCTγ to be monomeric. We did not detect any 

change in nuclear location for endogenous CCT subunits when stimulated by IL-6 even when 

overexpressing STAT3. When expressing GFP-CCT subunits in mammalian cells (known to 

hinder oligomerisation (Spiess et al., 2015)), we observe that some subunits are present in 

the nucleus in their monomeric state, and this is independent of IL-6 and found a similar 

distribution of GFP-CCT subunits for MCF-7 cells compared to B16F1 cells. This is consistent 

with our observations that STAT3 interacts with CCT in the oligomeric state in the cytoplasm, 

rather than with individual CCT subunits as monomers.  

 

We then assessed if the transcriptional activity of STAT3 was affected by a reduction of CCT. 

CCTδ and CCTε levels were reduced by siRNA before IL-6 stimulation. By RT-PCR we observed 

no change in relative mRNA levels of the STAT3 target gene VEGF-A after CCTδ or CCTε 

reduction. This indicates that STAT3 is transcriptionally active even when levels of CCT are 

reduced, consistent with STAT3 not being dependent on CCT for folding since a reduction in 

STAT3 activity would be expected if STAT3 were dependent on CCT for folding. As STAT3 

does not behave as an obligate CCT folding substrate and Tyr705 phosphorylation is 

enhanced when CCT levels are reduced, there is a potential role for CCT in modulating STAT3 

activation.  

In this paper we have expanded the knowledge about the chaperonin CCT as a sequestering 

protein and we present a model where CCT oligomer can regulate STAT3 phosphorylation by 

binding to un-phosphorylated STAT3 to sequester STAT3, thereby hindering phosphorylation 

at Tyr705 implicating a role for CCT as a regulatory protein of STAT3 (fig 10).  
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Paper V: The molecular chaperone CCT sequesters the microfilament severing and 

capping protein gelsolin and protects it from cleavage by caspase-3 

 

Paper V is based on two previous papers where the actin capping and severing protein 

gelsolin has been shown to bind to CCT, via gelsolin domain 4, but is not folded by CCT 

(Brackley and Grantham, 2011). Instead, gelsolin binds to CCT in a calcium-activated state 

and can inhibit the actin severing mechanism of gelsolin (Svanstrom and Grantham, 2016) 

To address where in the cell the CCT:gelsolin interaction takes place, we have used both 

confocal microscopy and SIM imaging of GFP-gelsolin transfected B16F1 cells. The cells were 

Figure 10. Model of cell STAT3 sequestration by the molecular chaperone CCT (Vallin et 

al., 2021). When stimulated by IL-6, STAT3 is phosphorylated at Tyr705 and then 

dimerises and translocate to the nucleus to initiate transcription of STAT3 target genes 

(Dutta et al., 2014). CCT can regulate STAT3 phosphorylation by binding to un-

phosphorylated STAT3 resulting in a reduction in STAT3 available for Tyr705 

phosphorylation.  
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stimulated with AlF3 to activate ADP/GDP bound proteins, resulting in actin remodelling and 

lamellipodia formation (Hahne et al., 2001). Cells were stained for endogenous CCT subunits 

and microfilaments to be able to detect the cellular localisation of gelsolin, CCT and 

microfilaments during actin rearrangement. We found gelsolin and CCT to be in close 

proximity at the leading edge of lamellipodia where extensive actin rearrangements occur.  

Since there is a reduction in actin severing by gelsolin when CCT is present (Svanstrom and 

Grantham, 2016), we speculated that the CCT cavity may act as a protective cage for gelsolin 

and tested if CCT protects gelsolin from cleavage by caspase-3. We observed a reduction in 

cleavage of gelsolin by caspase-3 when CCT is present in vitro, consistent with gelsolin being 

protected from caspase-3 cleavage in the folding cavity of CCT.  

To determine the location of gelsolin inside the CCT cavity we performed single particle cryo-

EM and 3-dimensional reconstructions of CCT:gelsolin and could detect gelsolin inside the 

CCT folding cavity located to the lower part of the cavity interacting with the equatorial 

domains of several subunits.   

We were able to distinguish between the different subunits due to the asymmetry between 

the eight subunits, based on a substantial gap between CCT1 and CCT4 (Cuellar et al., 2019; 

Zang et al., 2016), and found gelsolin to bind to the inner surfaces of the 

CCT1/CCT3/CCT6/CCT8 side of the chaperonin ring, in particular with CCT3 and confirmed 

this by crosslinking experiments followed by mass spectrometry (XL-MS).  

In summary, we show that gelsolin and CCT co-localise to areas in the cell where extensive 

actin rearrangements occurs. Furthermore, CCT protects gelsolin from caspase-3 cleavage 

and by single particle cryo-EM to obtain a 3D construction of the CCT:gelsolin complex, we 

found gelsolin to be bound to the equatorial domain of mainly CCT3 and is located in the 

side of the chaperonin ring containing CCT1/CCT3/CCT6/CCT8. The resolution of gelsolin in 

the cavity of CCT did not reach the same level as CCT, suggesting that gelsolin is very flexible 

when bound inside the CCT cavity. 

The observation of gelsolin being encapsulated in the lower part of the cavity, together with 

CCT protecting gelsolin from cleavage by caspase-3, is consistent with CCT acting to 

sequester gelsolin. It is possible that gelsolin binds to CCT in a similar way to that of the 
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mLST8 subunit of the mTOR complex, which has been shown to bind in the CCT cavity close 

to the C- and N-termini (Cuellar et al., 2019). 

Gelsolin can be enriched at the periphery of cells (Cooper et al., 1988) and the formation of 

lamellipodia is dependent of gelsolin (Azuma et al., 1998). Inhibition of microfilament 

severing by gelsolin will result in less microfilament ends and may affect cell motility, a 

mechanism dependent on microfilament rearrangement. Together with paper IV, this study 

broadens the knowledge of CCT oligomer, with functions in addition to protein folding, to 

regulate proteins closely related to cancer.   

 

General discussion and future perspectives 

This thesis has focused on CCT functions extending beyond folding to include both the 

assembled oligomer and individual CCT subunits as monomers.  

CCT oligomer interacts with proteins that are not CCT folding substrates, many of which can 

link CCT to cancer cell development. In this thesis, reduction of CCT in MCF-7 cells is shown 

to increase phosphorylation levels of the transcription factor STAT3, a transcription factor 

responsible to initiate transcription of cancer related genes, suggesting a role for CCT in 

STAT3 phosphorylation regulation. Furthermore, CCT can sequester the actin capping and 

severing protein gelsolin linking CCT to microfilament rearrangements and cell migration.  

Besides non-folding CCT oligomer functions, it is established that monomeric CCT subunits 

can have individual functions (for example CCTε and CCTδ (Elliott et al., 2015; Spiess et al., 

2015)). In addition, CCTζ has shown to have chaperone-like functions in yeast (Kabir et al., 

2005). Individual monomer subunit functions add an extra level of complexity in the 

involvement of CCT for cellular processes. In this thesis monomeric CCTδ is in focus and we 

show that that the CCTδ interacts with the dynactin complex component p150Glued at the 

plasma membrane. Overexpression of CCTδ is used as a tool to investigate the underlying 

function of monomeric CCTδ. It is hard to identify the monomeric function of CCTδ in cells 

with a normal CCTδ expression level since most of CCTδ will be incorporated into the 

oligomer and the monomeric effects will not be as pronounced. We used the same approach 
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of overexpressing CCTδ to detect the increase in PE lipids at the plasma membrane due to a 

highly curved membrane (paper II).  

Moderate expression of GFP-CCTδ increases cell migration into a wound and one cancer-

associated point-mutation in CCTδ increases the oligomer pool and is unable to bind 

p150Glued (paper I and III). Furthermore, CCT expression levels are increased in several cell 

lines (Yokota et al., 2001) and in tumors (The Cancer Genome Atlas (TCGA) database). In 

addition, CCTγ and CCTδ have been shown to be upregulated in cells migrating from a 

primary tumor into a needle of extracellular matrix (Wang et al., 2004). The dependence of 

CCT for a functional assembled cytoskeleton closely links CCT to cancer cell biology (Vallin 

and Grantham, 2019). CCT folding of the obligate substrates actin and tubulin connects CCT 

to cancer related processes such as cell migration and division, for example by generating  

active cell cycle proteins cdh1 and cdc20 (Camasses et al., 2003). Furthermore, levels of CCT 

subunits are upregulated during G1/S phase in cell cycle (Yokota et al., 1999) indicating a 

raised need for a functional CCT oligomer during G1/S phase, suggesting a tight regulation of 

CCT subunit expression at different stages of the cell cycle.  

 

It has been suggested that up to 50% of CCT molecules in the cell can be occupied with actin 

(Brackley and Grantham, 2009), potentially limiting CCT available for other folding substrates 

or interacting proteins. This would result in the additional interacting proteins being in 

competition for the free CCT oligomers that are available; this may result in an additional 

level of regulation for non-folding substrates. How the assembly state of CCT is regulated is 

still not fully understood, even though it has been observed that the concentration of ATP 

and K+ can affect the assembly state (Roobol et al., 1999).  

 

It is important to consider the assembly state of CCT when assessing CCT function. If 

overexpressing or reducing individual CCT subunits result in different effects, it is most 

probable due to a monomeric effect. For example when individual subunit levels are 

reduced by siRNA in cultured mammalian cells differences in cell shape for some subunits is 

observed (Brackley and Grantham, 2010). Conversely, if the alteration of subunit levels has 

the same effect for all subunits it is more probable that it is due to an oligomer effect, such 

as STAT3 phosphorylation levels in paper IV. Therefore, it is important to note that since the 
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CCT oligomer is dependent on all eight subunits, it will be affected by targeting one CCT 

subunit, resulting in a collapse of the oligomer. For example, the reduced cell proliferation 

observed when reducing CCTγ levels (Zhang et al., 2016) may be a result of collapsed CCT 

oligomer rather than a monomeric function for CCTγ.  

 

Mutations altering assembly have the potential to increase the levels of CCT oligomer and 

thereby may increase the folding rate of CCT or CCT oligomer interactions, such as the 

assembly of the von Hippel Lindau tumor suppressor protein with Elongins (Melville et al., 

2003), interactions between the transcription factor STAT3 (Kasembeli et al., 2014) (paper 

IV) or gelsolin (Brackley and Grantham, 2011; Svanstrom and Grantham, 2016) (paper V). 

Together, all five papers in this thesis contribute to the understanding of the consequences 

of changes in the assembly state of the CCT oligomer that will affect the pool of free 

monomers as well as assembled oligomer resulting in an increase or decrease of 

monomeric/oligomeric CCT functions (fig 11).  

 

A greater understanding of the regulation for CCT assembly would be of great importance to 

fully understand how the cell can switch between monomeric and oligomeric functions to 

face the challenges of the cell. Dysregulation in CCT assembly may be a cause for 

uncontrolled processes linked to cancer cell development. Understanding the mechanism of 

CCT in a cancer perspective could potentially result in new therapeutic targets to be 

developed for future anti-cancer drugs. 
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Figure 11. Summary of non-folding properties for CCT presented in this thesis. As a 

monomer, CCTδ interacts with the dynactin complex component p150Glued, and together 

with the transmembrane protein dynAP, initiates microtubule dependent cell surface 

protrusions (paper I), leading to an increase in PE lipids at the plasma membrane (paper 

II). One point mutation in the border between the apical and intermediate domain of CCTδ 

abolishes the CCTδ:p150Glued interaction and has the potential to increase the CCT 

oligomer pool (paper III). CCT oligomer can sequester the transcription factor STAT3 

(paper IV) or the actin capping and severing protein gelsolin (paper V), resulting in 

regulation of STAT3 phosphorylation or inhibition of microfilament severing respectively.  
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