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Abstract  

Peptidyl prolyl isomerases (PPIase) are a class of enzymes that are required to 

catalyse the conversion of proline residues from cis to trans conformation. There are 

several classes of PPIase molecules, including parvulins, cyclophilins, and FK506 

binding proteins (FKBPs). Among these PPIase molecules each class contains a 

conserved PPIase domain that facilitates protein to protein interactions. These PPIase 

molecules have diverse functions in cellular function and disease progression. FKBPs 

are a group of immunophilin molecules that are known to interact with 

immunosuppressant molecules FK506 and rapamycin to stop the immune response 

and inhibit mTOR, respectively. The structure and function of FKBPs is diverse, these 

proteins act to facilitate protein to protein interactions, act as co-chaperones, 

translocate throughout the cell in response to stress events, and bind to DNA. 

Importantly, FKBPs have been implicated in the pathogenesis of cancer, largely 

through their roles in co-chaperoning hormone receptors in hormone responsive 

cancers i.e. breast and prostate cancers. Of particular interest, FKBP25, a 25kDa 

protein that consists of two functional domains, an N terminal basic helix–loop–helix 

and C terminal PPIase domain. FKBP25 is known to be involved in protein folding, 

cytoskeletal dynamics, DNA damage repair, double stranded RNA binding, interacting 

with the pre-ribosome, and cellular stress responses. Despite the variety of roles that 

FKBP25 is known to play, there is limited research regarding FKBP25 role in disease 

and cell differentiation.  

To address this, initial studies investigated the role of FKBP25 in breast cancer 

progression and epithelial to mesenchymal transition (EMT). Here it was found that 

FKBP25 protein expression is reduced in both mesenchymal breast cancer cell types, 

including BT-549, Hs578t, MDA-MB-231. To further understand the potential role of 
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FKBP25 in breast cancer pathogenesis, a variety of mutations that contribute to 

malignant transformation were examined. Here it was found that the oncogenic 

mutations, that are associated with growth pathways in fact increased FKBP25 

expression. However, in an epidermal growth factor mediated model EMT in MDA-

MB-468 breast cancer cells, it was identified that FKBP25 protein expression was 

reduced. This implies that the loss of FKBP25 protein expression may be required for 

de-differentiation and progression of cancer cells. As such, it was hypothesised that 

FKBP25 protein expression was correlated with the level of cellular differentiation. To 

examine this hypothesis, next a model of mesenchymal to epithelial transition (MET) 

was analysed. 

The C2C12 model of myogenesis to study the role of FKBP25 in an MET-like example 

of cell differentiation. Previous studies have identified that FKBP25 is the most highly 

expressed FKBP in skeletal muscle and is expressed in the top 10% of the skeletal 

muscle proteome. Here it was identified that in proliferative myoblasts there is a higher 

level of FKBP25 protein expression compared to that of post mitotic myotubes. This 

was further demonstrated in a model of C2C12 quiescence where it was demonstrated 

that upon removal from the cell cycle, myoblasts accumulate greater levels of FKBP25 

protein expression, which is then reduced upon re-entry to the cell cycle. Interestingly, 

this trend was not observed in human primary myoblasts, however, was identified in 

human rhabdomyosarcoma cells which may be due to the presence of p53 and MyoD 

mutations. Furthermore, in vivo models of muscle plasticity were examined to assess 

the impact of FKBP25 on skeletal muscle regeneration considering FKBP25 is the 

most highly expressed FKBP in mature skeletal muscle. Here it was discovered that 

FKBP25 protein expression is increased in models of regeneration including, chronic 

mechanical loading, murine muscular dystrophy (mdx), and denervation. It is 
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hypothesised that this was observed due to extensive cytoskeletal remodelling to 

repair structural damage caused by hypertrophy and atrophy of fibres.  

Next, we examined the impact of FKBP25 knockdown (25KD) on cell biology and 

function of MDA-MB-468 and C2C12 cells. 25KD cells were developed using 

doxycycline inducible SMARTvector (Dharmacon, CO, USA) short hairpin RNA 

technology. After confirming adequate 25KD, it was observed that in both cell lines 

25KD resulted in an increase in proliferation compared to respective non-targeting 

(NT) cells. Furthermore, in MDA-MB-468 cells, it was observed that there were no 

changes to invasion outgrowth or migration in vitro. However, it was demonstrated that 

25KD resulted in decreased anchorage dependent growth, which could be explained 

by alterations to cytoskeletal stability. Conversely, in C2C12 myoblasts it was found 

that 25KD resulted in a significant increase in wound healing migration. Upon 

investigation of myogenic regulatory factor expression in differentiated 25KD 

myotubes it was revealed that there were no changes in protein expression. 

Furthermore, upon measurement of fibre diameter and fusion index it was found that 

there were no discernible changes to myotube formation.   

Finally, the influence of 25KD on tubulin regulation and dynamics was assessed. 

Initially, the presence of microtubule (MT) post-translational modifications was 

assessed, including detyrosination and acetylation which are associated with MT 

stability. Both C2C12 and MDA-MB-468 25KD cells showed no changes to stabilising 

modifications. Similarly, upon examination of MT stabilising protein stathmin, both 

C2C12 and MDA-MB-468 25KD showed no change to stathmin expression. After this, 

the impact of 25KD on tubulin polymerisation under control and paclitaxel treated 

(induction of maximal polymerisation) conditions was explored. However, here  no 
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differences in MT polymer content was found in either 25KD in either C2C12 or MDA-

MB-468 cells.  

In conclusion, this thesis has examined the potential role of FKBP25 in cell 

differentiation and de-differentiation in EMT and MET-like models. It was found that 

FKBP25 is required for some cell processed including proliferation, anchorage 

dependent growth, and migration. It was hypothesised that this was a result of 

cytoskeletal reorganisation and altered MT dynamics, however, this was unable to be 

demonstrated. Further studies should further examine the impact of 25KD on MT 

dynamics using methods less prone to error. Nonetheless, FKBP25 was demonstrated 

to have a role in cell proliferation and differentiation. Maintenance of FKBP25 protein 

in both cancers and skeletal muscle could help to preserve epithelial-like phenotype 

and maintain structural integrity, respectively.  
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FKBP25 in relation to proliferation/migration 

studies that were hypothesised to be related 

to microtubule dynamics.  

In vivo knockdown of FKBP25 
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lentiviral vectors  
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mechanism that impacts upon FKBP25 

expression.  

- Additional studies were planned to examine 

the impact of other growth factors, such as 

FGF-b and IGF-1, on FKBP25 expression in 

both MDA-MB-468 and C2C12 cell lines, 

however, the 2021 lockdown prevented 
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Preface 

This thesis aims to investigate and describe the functional roles  of FKBP25 (FKBP3 

gene), an FK506 binding protein that is comprised of two functional domains: a 

PPIase domain used to facilitate protein-protein interactions, and  a basic tilted loop 

helix bundle domain that  is required for nucleic acid binding.  To date, there has 

been little research conducted that has examined the biological role of FKBKP25 in 

any models. Previous unpublished research in our laboratory has focused on FK506 

protein FKBP52 (FKBP4 gene), where it was identified that FKBP52 is associated 

with an increased metastatic phenotype both in vitro and in vivo.  It was shown that 

loss of FKBP52 is associated with increased proliferation, anchorage dependent 

growth and  microtubule instability (K.Waldeck PhD thesis 2008). In an effort to 

further characterise the expression of other FKBPs and their function in breast 

cancer, preliminary screens of assorted FKBP protein expression was conducted in 

a panel of breast cancer cell lines of various subtypes (Appendix 1).   

Here it was first identified that FKBP25 was highly expressed in luminal and basal 

subtypes and expressed at comparatively low levels in mesenchymal subtypes. This 

led to the hypothesis that FKBP25 protein expression was associated with epithelial 

to mesenchymal transition, or rather the level of cellular differentiation. To 

comprehensively examine this hypothesis, it was decided that a second model of 

differentiation should be assessed.  Upon investigation, it was found that FKBP25 

was, in fact, expressed in the top 10% of the skeletal muscle proteome, this 

prompted the examination of FKBP25 in myogenesis. Myogenesis in this thesis is 

viewed as a process of mesenchymal to epithelial-like transition (MET), in which 

proliferative, mesenchymal-like myoblasts undergo a commitment or ‘transition’ to 

committed (or epithelial-like) myotubes.  As such, the studies that are contained 
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within this thesis aim to describe the role of FKBP25 in EMT associated with breast 

cancer, and functions of breast cancer cells in vitro. Similarly, utilising the C2C12 

myoblast cell line, the associated studies aim to examine the role of FKBP25 in the 

process of myogenesis as a model of MET. Together, these studies will be able to 

describe the roles of FKBP25 in cell proliferation and differentiation.
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Chapter 1: Introduction  

1.1 Peptidyl prolyl-isomerase molecules 

Peptidyl prolyl isomerases (PPIase) are a class of enzymes that facilitate the 

conversion of peptide bonds between proline residues and other amino acids from cis 

to tans conformations (Fig 1.1). The unusual conformation of the cyclic proline side 

chain leads to steric hindrance of the amino acid. However, this structure stabilizes 

the molecule in cis conformation. The conversion of cis to trans isomer is an energy 

consuming process which does not occur spontaneously and thus is a rate limiting 

step in protein folding. The presence of PPIase molecules is required to facilitate this 

conformational change in proline residues. PPIase molecules are ubiquitously 

expression in both prokaryotic and eukaryotic cells, including parvulins, cyclophilins, 

and FK506 binding proteins.  

1.2 Parvulins  

Parvulin is a PPIase enzyme that is found in prokaryotic cells that shares no homology 

with mammalian PPIase molecules (1). Eukaryotic PPIase molecules include Pin1 and 

Par14. The structure of Pin1 consists of an N terminal WW (ligand binding domain 

containing two conserved tryptophan residues) domain that is required for protein-

protein interaction, this region is linked to the catalytic PPIase domain by a flexible 

linker region (Fig 1.2). However, Par14 differs structurally with an N terminal basic 

domain linked to the catalytic PPIase domain. Pin1 is a well-researched eukaryotic 

parvulin molecule that is known to have roles in regulating proline-directed kinases, 

including extracellular receptor-regulated kinase (ERK), cyclin dependent kinases 

(CDKs), and glycogen synthase kinase-3 (GSK-3) (2-5). The interactions with these  
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A) 

B) 

Figure 1.1 : Conformation of proline residues in cis and trans 
conformations and visual description of steric hindrance 
A) Proline residues can exist in cis (left) conformation upon denaturation, or in 

some native states, however proline residues tend to exist in trans 

configurations. The trans (right) configuration prevents steric clashing of bound 

R-groups and subsequent disruption of secondary folding structures. PPIase 

molecules facilitate the isomerisation of proline residues from cis to trans, which 

would be an otherwise rate limiting step in protein folding. B) R-group binding 

to alpha carbons in the cis (left) conformation results in steric clashing of 

additional amino acids, which inhibits formation of peptide chains. Upon 

conversion to trans isomer (right) addition of amino acids can occur without 

hindrance. Made with Biorender.com. 
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molecules implicate Pin1 in cell proliferation and survival. Pin1 has influence over the 

cell cycle within each of the phases, including regulation of cyclin D expression, 

retinoblastoma protein (Rb) inactivation, p53 stabilization, and Cyclin E degradation 

(6-9). While in the G2/M transition, Pin1 is responsible for inhibition of CDC25 

phosphatase activity that is required for activation of cyclin dependent kinases (10). 

Additionally, Pin1 is a transcriptional target of E2F. Upon overexpression of Pin1, 

Cyclin D1 expression is increased resulting in increased Rb phosphorylation and, thus, 

releasing bound E2F which can feedback and further increase Pin1 expression (11). 

Such that this positive feedback activates many cell growth and proliferation by 

increasing the stability of cyclin D and blocking activity of phosphorylated Rb (12). As 

such, overexpression of Pin1 has been associated with the progression of several 

cancers, including breast, ovarian and cervical (11, 13). The association of Pin1 with 

cancer progression is largely linked to its regulation of the cell cycle and stabilization 

Figure 1.2: Human parvulins molecular structure 

Human Pin1 contains a WW domain (Green) to aid protein binding linked to the 

PPIase site (Red) by a flexible linker region (Grey loop). Human Par14 contains 

a mitochondrial target sequence (Orange) followed by a basic domain that is 

required for DNA binding (Yellow), and an N terminal PPIase domain (Red). Made 

with Biorender.com. 
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of proteins associated with cell cycle progression. Interestingly, Pin1 regulates the 

activity of protein phosphatase 2A, an important regulator of c-myc activity (14). c-Myc 

is a proto-oncogene and transcription factor that is also involved in cell cycle 

progression. Mutation to c-Myc results in abhorrent proliferation and, as such, is 

intricately linked to progression of human cancers. Other members of the parvulin 

family are not linked to cancer progression.  

Par14 is a less characterised parvulin that exhibits a lower catalytic activity compared 

to Pin1 (15). It is known that Par14, and its isoform Par17, have some specific cellular 

compartment roles. Par14/17 act in both the cytoplasm and nucleus where they are 

associated with the miotic spindle and ribosomal RNA processing (16, 17). In the 

nucleus, the N-terminal basic region of Par14 is responsible for DNA binding, DNA 

repair, and chromatin remodeling (18). Specifically, Par14 expression is increased 

approximately 3-fold during both S and M phases (19). The expression of Par14 is 

vital for cell cycle progression with blocking one or both of Pin1 or Par14 severely 

impairing cell proliferation  (20). Despite these functions, Par14 has not been 

implicated in cancer development or progression.  

1.3 Cyclophilins  

Cyclophilins are a second class of PPIase enzyme that are characterised based on 

their ability to bind to the immunosuppressant drug, cyclosporin A, hence their 

classification as immunophilin molecules. Cyclophilin binding to cyclosporin A results 

in inhibition of the phosphatase activity of calcineurin (CaN) in T lymphocytes, which 

results in inflammatory cytokine production (Fig 1.3) (21). There are many mammalian 

cyclophilin molecules, including cyclophilins A, B, C and D. These can be classified 

into single or multi domain cyclophilins (Fig 1.4) Cyclophilin A (CyPA) is the most well 
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characterised cyclophilin. In the absence of immune modulating drugs, CyPA is 

involved in protein folding of cell surface receptors, facilitating the tertiary structure of 

collagen, and intracellular protein trafficking (22-24). Interestingly, CyPA has been 

demonstrated to be secreted in response to inflammatory events such as endothelial 

dysfunction in early atherosclerosis.  
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Figure 1.3: Cyclosporin A facilitation of immune suppression 
Upon T cell antigen recognition an influx of Ca2+ activates calcineurin, a kinase 

enzyme that phosphorylates and activates nuclear factor of activates T cells 

(NFAT) resulting in interleukin-2 production and consequent amplification of the 

immune response. The complex formed by Cyclosporin A (CyspA) and 

cyclophilin A act to inhibit the activity of calcineurin and thus supress the 

immune response. Made with Biorender.com. 
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CyPA is secreted from dysfunctional endothelial cells  in response to the presence of 

reactive oxygen species to induce an inflammatory response to mitigate tissue 

damage (25). Furthermore, some studies have indicated that CyPA secretion 

stimulates cell growth and proliferation in response to damage. Specifically, 

exogenous CyPA was shown to activate ERK 1/2 phosphorylation and subsequent 

cell proliferation (26). Upregulation of CyPA has been associated with malignant 

transformation and cancer progression to metastasis (27, 28). In cancer cells, 

increased CyPA expression aids in increasing cell cycle progression and increasing 

overall cell proliferation (29, 30). Additionally, CyPA has been shown to block apoptotic 

Figure 1.4: Structural domains of Cyclophilin molecules 

Cyclophilin A consists of a single PPIase domain, known as a cyclophilin-like 

domain. Cyclophilins B and C contains an additional signal peptide domain that 

directs them to the endoplasmic reticulum (ER). Cyclophilin C contains an 

additional transmembrane domain for embedding in the ER. Cyclophilin D 

contains a mitochondrial localisation signal to allow localisation to the 

mitochondria. Made with Biorender.com. 
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signals and promote migration via hypoxia inducible factor 1α (HIF-1α) (31). 

Interestingly, CyPA transcriptional regulation has been shown to be facilitated by HIF1-

α and tumour suppressor p53, which are two essential transcription factors required 

for cancer progression (32). The relationship between HIF1-α, p53 and CyPA is 

proposed to be a positive feedback loop. In this loop, the stressful environment that 

cancer cells survive in activates p53 and HIF1-α which then activate CyPA expression. 

Increased expression of CyPA, in turn, stabilizes p53 and leads to facilitation of 

proliferation and survival pathways. Further studies have demonstrated that 

knockdown of CyPA in lung squamous cell carcinoma results in significant reduction 

in tumour growth compared to controls (33). Similarly, CyPA knockdown in 

endometrial carcinoma cells caused a significant decrease in tumour volume over time 

via the induction of apoptosis (34). In addition to cancer, CyPA has been implicated in 

ageing, particularly in the epidermis irrespective of sun exposure (35). Furthermore, 

studies have found CyPA to be increased in the epidermis of aged people compared 

to young people, which may be linked to increased oxidative stress, and apoptosis 

(36). Conversely, there is evidence suggesting that CyPA expression was reduced 

cultured fibroblasts, which was associated with poor wound healing and metabolic 

impairment (37). Overall, the roles of CyPA are diverse and attribute to several 

essential cellular functions in addition to their classic role as an immunosuppressant 

binding molecule.   

1.4 FK506 Binding Proteins 

FK506 binding proteins (FKBP) are the final group of PPIase molecules. FKBPs are a 

diverse family of immunophilin molecules that range in size and function (Fig 1.5). 

FKBP12 is a significant FKBP as it is involved in the mediation of immune suppression 

in complex with immunosuppressant drug, FK506 (Tacrolimus) (Fig 1.6) (38). 
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Additionally, FKBP12 is also able to bind to rapamycin (Sirolimus) and produce an 

immunosuppressant response, as well as inhibit the mammalian target of rapamycin 

(mTOR) mediated signaling (Fig 1.7) (39). All members of the FKBP family can bind 

to FK506 and rapamycin via their PPIase domain, FKBP12 has the highest binding 

affinity for these drugs (40). In addition to protein folding, FKBPs commonly function 

as protein chaperones. The various functions of each FKBP are dependent upon its 

structure and presence of functional domains (Fig 1.5). 

Figure 1.5: Structural domains of FK506 binding proteins 

FK506 binding proteins tend to be larger than other PPIase molecules. High 

molecular weight FKBPs 52, 51 and 38 are composed of a PPIase and PPIase-

like region to facilitate protein folding, in addition to a tetracopeptide repeat 

(TPR) domain to stabilise protein- protein interactions. FKBP52 and 38 also 

contain a calmodulin binding site which is proposed to modulate calmodulin 

activity. Low molecular weight FKBP25 is only composed of two domains, 

PPIase and a basic tilted helix bundle (BTHB) that is required for nucleic acid 

binding. The simplest of the FKBPs, FKBP12, simply contains a PPIase domain. 

Made with Biorender.com.  
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Figure 1.6: FK506 mediated immune suppression 
Upon T cell antigen recognition an influx of Ca2+ activates calcineurin, a kinase 

enzyme that phosphorylates and activates nuclear factor of activates T cells 

(NFAT) resulting in interleukin-2 production and consequent amplification of the 

immune response. The complex formed by FKBP12 and FK506 acts to inhibit the 

activity of calcineurin and thus supress the immune response. Made with 

Biorender.com. 
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Figure 1.7: FKBP12 and rapamycin inhibition of mTOR 

Upon insulin binding to its receptor activation of PI3-kinase, AKT, and subsequent 

mTOR activation results in cell growth pathways. In the presence of 

rapamycin/FKBP12 complex mTORs kinase activity is inhibited causing inhibition 

of cell growth pathways. Made with Biorender.com. 



12 
 

1.5 FKBP12  

The FKBP12 protein (FKBP1A gene) is comprised exclusively of the fundamental 

PPIase domain. Much of the previous literature has focused on the role of FKBP12 in 

complex with exogenous ligands (i.e. FK506 and rapamycin) and their combined 

effect. More recently, studies have focused on identifying the roles of FKBP12 in the 

absence of exogenous ligands and drugs. Interestingly, one such function of FKBP12 

is association with the skeletal muscle ryanodine receptor (RyR) which is responsible 

for voltage-stimulated release of Ca2+ from the sarcoplasmic reticulum (SR) (Fig 1.8) 

(41). Upon binding to the RyR, FKBP12 has been demonstrated to enable channels 

to open faster and for longer periods of time. This is achieved by greater stabilization 

of the RyR tetramer, resulting in greater conductance required to open the voltage 

Figure 1.8: FKBP12 stabilises the skeletal muscle ryanodine receptor 
FKBP12 binds to the components of the ryanodine receptor (RyR) to prevent 

leakage of Ca2+ from the sarcoplasmic reticulum (SR). Made with 

Biorender.com. 
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gated channel (42), such that FKBP12 knockout animals have altered excitation 

contraction-coupling (43). Interestingly, an FKBP12 isoform, FKBP12.6 (FKBP12B 

gene), which differs structurally by 18 amino acids, has a binding preference for the 

cardiac muscle RyR2 receptor (44). It is proposed that there are 3 amino acids in 

FKBP12.6 that facilitate its preference for RyR2 (Gln31, Asn32, and Phe59 (45)). 

Regulation of the cardiac RyR2 channel is hypothesized to be dual controlled by both 

FKBP12 and FKBP12.6 in a feedback loop. It has been described that FKBP12 is able 

to activate the RyR2 and facilitate Ca2+ release, while FKBP12.6 antagonises FKBP12 

action (46).  

A second role of FKBP12 that has been described is stabilization of the transforming 

growth factor beta (TGF- β) receptor. Upon ligand binding to the type 2 TGF-β 

receptor, it forms a dimer with a type 1 TGF-β, leading to the  a cascade of events that 

results in the phosphorylation of  SMAD transcription factors which translocate to the 

nucleus and regulate genes involved  in growth and proliferation (47).  Rather than 

impact upon dimerization of the receptors, FKBP12 inhibits type 1 TGF-β receptor 

mediated phosphorylation of the type 2 TGF-β receptor (48). It is hypothesized that 

this function may be an adaptation to prevent leaky TGF-β signaling, independent of 

ligand binding. Additionally,  further research has demonstrated that FKBP12 is a 

regulator of the cell cycle, such that FKBP12 knockdown triggers enhanced intrinsic 

TGF-β signaling and subsequent over expression of the cell cycle inhibitor, p21 (49). 

This suggests that FKBP12 must be required for inhibition of leaky TGF-β signaling 

(Fig 1.9). Interestingly, FKBP12 has also been shown to induce chemotherapy-

induced apoptosis by inhibiting p53 repressor mouse double minute protein 2 (MDM2) 

(50). MDM2 is an E3 ubiquitin ligase which acts to prevent p53 transcriptional activity, 

however, MDM4 is a regulator of MDM2’s repressive activity (51). In this interaction, 
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FKBP12 can directly interact with MDM2 causing it to dissociate from its partner, 

MDM4, resulting in MDM2 auto-ubiquitination. The remaining free p53 can induce 

apoptosis in chemotherapy primed cells. Furthermore, FKBP12 has been revealed to 

play a role in instigation of necroptosis. Necroptosis is a controlled version of necrosis 

mediated by tumour necrosis factor alpha (TNFα). This process depends on the 

activation of receptor-interacting serine/threonine-protein kinases 1/3 (RIPK1/3 (52)) 

and mixed lineage kinase domain like pseudokinase (MLKL (53)). FKBP12 was found 

to be indispensable for RIPK1/2 phosphorylation and formation of the necrosome (54). 

Overall, FKBP12 has a variety of functions in the absence of immune modulating 

ligands, primarily associated with receptor stabilization and regulating protein to 

protein interactions.  
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1.6 FKBP52 

FKBP52 (FKBP4 gene) is one of the largest and best characterised multidomain 

FKBPs. The structure of FKBP52 is composed of a PPIase domain, PPIase-like 

domain, tetracopeptide repeat (TPR) domain, and calmodulin binding domain (See 

Fig 1.5). The PPIase domain of FKBP52 is required for its isomerase function, 

Figure 1.9: FKBP12 stabilises the TGFβ receptor to prevent leaky signalling 

FKBP12 prevents spontaneous hetero dimerization of type 1 (left) and type 2 (right) 

TGFβ receptors. Thus, resulting in reduced leaky signalling and associated 

expression of target genes. Made with Biorender.com. 
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however, unlike FKBP12, FKBP52 has no immunosuppressive function. This is due to 

one amino acid difference in the PPIase sequence of FKBP52 that makes it  unable 

to bind and inhibit CaN (55). Similarly, the PPIase-like domain is unable to bind FK506 

and has reduced PPIase activity compared to the primary PPIase domain (56). The 

PPIase-like domain contains an ATP/GTP-binding sequence which is required for a 

conformational change to enable binding to heat shock protein 90 (HSP90) (55). 

Importantly this region can be phosphorylated by casein kinase 2 (CK2) to prevent 

HSP90 binding (57). The HSP90/FKBP52 complex is a chaperone complex that is 

essential for intracellular trafficking of steroid receptors (Fig 1.10). The TPR domain 

of FKBP52 is required for the direct interaction with HSP90, however, HSP90 binding 

is also dependent on an unmodified PPIase region (58). At the C terminal of FKBP52 

there is a putative calmodulin (CaM; a Ca2+-sensitive second messenger) binding site. 

There is limited understanding of the function of this CaM binding site, however, it has 

been demonstrated that upon inhibition of the CaM binding site, FKBP52 has reduced 

client protein binding ability (59). FKBP52 is an important co-chaperone for hormone 

receptors, including the glucocorticoid receptor, progesterone receptor, oestrogen 

receptor, androgen receptor, and mineralocorticoid receptor (60-62). The most well 

described FKBP52/HSP90 interaction is that with the glucocorticoid receptor (GR). 

Activated GRs bind to the FKBP52/HSP90 complex which is shuttled to the nucleus, 

where genes containing a glucocorticoid response element are targeted for 

transcription (63). Shuttling of the FKBP52/HSP90/GR complex requires an interaction 

with the motor protein, dynein, which traffics the complex to the nucleus (64). This 

interaction is facilitated by a dual interaction with the PPIase and TPR domains of 
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FKBP52. In addition to interacting with dynein, FKBP52 is a microtubule destabilising 

protein. FKBP52 binds to tubulin monomers via its TPR domain and subsequently 

prevents microtubule polymerisation. FKBP52 has been shown to colocalise with the 

mitotic spindle apparatus in vitro, and its knock down has been associated with a 

reduction in the growth of neural projections (65, 66). In addition to the GR, FKBP52 

is known to interact with the progesterone receptor (PR) and oestrogen receptor (ER) 

(60, 67). The interactions with these receptors have linked FKBP52 to breast cancer 

pathogenesis. 

Figure 1.10: FKBP52 interaction with steroid receptors 

FKBP52 interacts with HSP90 via its TPR domain and interacts with steroid 

receptors via its PPIase domain. While the PPIase-like domain does not physically 

interact with either client protein it is integral in maintaining the structural 

conformation required for these interactions. Post translational modification to the 

PPIase-like domain renders FKBP52 unable to bind to HSP90. Made with 

Biorender.com. 
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Breast cancer cells are known to over express ER and consequently undergo 

increased proliferation which is strongly correlated to carcinogenesis (68, 69). It has 

been previously described that FKBP52 is expressed at different levels in normal 

breast tissue compared to breast carcinoma tissue (70). This is further supported by 

an in vitro study that has demonstrated that FKBP52 mRNA expression is increased 

in response to treatment with oestradiol (71). Interestingly, FKBP52 protein expression 

has been identified to be a marker of therapeutic responses to neoadjuvant therapies 

in breast cancer patients. Upon immunohistochemical analysis tumour samples 

identified as either drug sensitive, or drug resistant, it was found that FKBP52 was 

expressed in the cytoplasm of drug resistant tissues (72). This study suggests that 

FKBP52 expression may be a viable predictor of therapeutic resistance to microtubule 

stabilising agents such as paclitaxel as neoadjuvant therapy. A recent study has 

provided additional consolidation of the role of FKBP52 in breast cancer pathogenesis 

based upon traditional tumour-node-metastasis (TNM) cancer grading system. 

Specifically,  increased FKBP52 mRNA expression is correlated with higher grading 

and worse outcomes and indicating that FKBP52 may be a viable biological marker 

(73). Currently there is limited research into the mechanism by which FKBP52 

progresses cancer pathology. However, there is ample research suggesting that there 

is an intrinsic link between FKBP52 expression, cancer outcomes and cancer biology.  

1.7 FKBP51 

FKBP51 (FKBP5 gene) is structurally similar to FKBP52, consisting of the same 

domains with the exception of the calmodulin binding domain. While these proteins 

are structurally similar, they have several independent roles. One of the classic roles 

of FKBP51 is its function as a HSP90 binding protein which occurs via the TPR domain 

with additional stabilisation provided by amino acid interactions at the distal C-terminus 
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(74, 75). FKBP51 is well known to chaperone the GR within the cytoplasm of the cell. 

Unlike FKBP52, FKBP51 has reduced ability to translocate into the nucleus. As such, 

chaperoning of the GR is passed onto FKBP52 when nuclear translocation must occur 

(76). It has been demonstrated that GR bound to FKBP51 have reduced nuclear 

translocation which is likely due to FKBP51’s reduced affinity for dynein compared to 

FKBP52 (77). A role of FKBP51 that occurs independently of FKBP52 is its association 

with anxiety disorders. It is hypothesised that hyperactivity of the hypothalamic–

pituitary–adrenal (HPA) axis is intimately linked with the pathology of stress-related 

disorders. FKBP51 is responsible for chaperoning of the GR, and interestingly, 

FKBP51 itself is modulated by GR activation itself which inhibits FKBP51 expression, 

resulting in a negative feedback loop in target tissues (78, 79). FKBP51 is linked to 

other physiological aspects of neurological function, including synaptic transmission. 

It has been demonstrated that FKBP51 knockout mice had reduced long term 

potentiation between nerve synapses, which is indicative of neurological function and 

disease development, including depression (80). Another receptor that FKBP51 is 

intricately linked to its expression is the androgen receptor (AR) (81). Unlike its role in 

regulating the GR, FKBP51 is a positive regulator of AR signalling. FKBP51 is required 

for adequate AR signalling and transcription of AR related genes, such that FKBP51, 

but not FKBP52, knockdown impaired AR activity (82). Interestingly, the FKBP5 gene 

itself contains an androgen responsive element (ARE) which provides a further 

positive feedback loop (83). This is further consolidated by studies that have examined 

FKBP51 overexpression in prostate cancer cells where it was found that there was 

increased ARE activation and increased prostate-specific antigen produced (84).  

FKBP51 is also involved in the regulation of protein signalling pathways that are 

androgen independent. The first protein that has been demonstrated to be influenced 
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by FKBP51 is nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) 

(See Fig 1.11). NFκB is a protein complex transcription factor that is involved in DNA 

transcription, immune responses, and cell survival (85), and is rapidly activated by  

stress responses (i.e., UV radiation, chemotherapy, reactive oxygen species (86)). 

FKBP51 has previously been shown to interact with inhibitor of nuclear factor IκB 

kinase α subunit (IKKα), suggesting that FKBP51 may be able to influence this 

pathway (87). This was further supported by a study that demonstrated that in the 

presence of rapamycin there was an FKBP51-mediated increase in NFκB signalling 

that sensitises chemotherapy-treated cells to apoptosis (88, 89). Interestingly, 

FKBP51 has also been demonstrated to be involved in regulation of cell survival 

regulator, Akt, which is a known activator of NFκB activity (90). Specifically, FKBP51 

has been shown to be a negative regulator of Akt activity (See Fig 1.11). It is proposed 

that FKBP51 acts as a scaffold holding Akt, and its negative regulator PH domain and 

Leucine rich repeat Protein Phosphatases (PHLPP), to enhance dephosphorylation of 

Akt serine 473 residue causing reduced enzymatic activity. Knock down of FKBP51 

resulted in hyperphosphorylation of Akt and subsequent impairment of apoptosis 

induction (91). A recent study has proposed that these pathways are, in fact, linked 

via FKBP51. Specifically, Shang et al., described a PHLPP/FKBP51/IKKα complex 

that is competitively inhibited by long non-coding RNA (92). Displacement of FKBP51 

from this complex enables PHLPP to dephosphorylate Akt, and free IKKα to inhibit 

NFκB in castration resistant prostate cancer. The mechanistic roles of FKBP51 have 

been implicated in cell biology and pathology alike and highlight the diverse nature of 

FKBP functions.   
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1.8 FKBP38 

FKBP38 (FKBP8 gene) is another multidomain protein that consists of both PPIase, 

PPIase-like, and TPR domains. Similarly, to FKBP52, FKBP38 contains a putative 

CaM binding domain (See Fig 1.4). However, FKBP38 is the only FKBP that contains 

a C-terminal transmembrane domain (TM). The TM domain is an essential component 

of FKBP38 that enables it to be anchored into the membrane of the rough endoplasmic 

reticulum (ER) (93). Within the lumen of the ER, FKBP38 is stabilised by HSP90 via 

the TPR domain. This interaction is required for the role of FKBP38 in protein folding 

and chaperoning of ion channels, including HERG, the alpha subunit of the voltage-

dependent delayed rectifier potassium channel (94). Similarly, FKBP38 is involved in 

Figure 1.11: FKBP51 regulates Akt and NF-kB signalling 

FKBP51bridges the scaffold between PHLPP with Akt, resulting in enhanced Akt 

phosphorylation. FKBP51 also modulates NF-kB signalling by binding to IKK 

mediated IkB phosphorylation and subsequent NF-kB activation. FKBP51 also 

interacts with CaN and inhibits calcineurin dependent dephosphorylation of IkB. 

Adapted from Tong and Jiang, 2015, Curr. Mol. Pharmacol. 
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stabilising the Cystic fibrosis transmembrane conductance regulator (CFTR) (93, 95). 

Interestingly, FKBP38 has recently been implicated in the induction of apoptosis from 

ER-related proteotoxic stress (96). FKBP38 is also known to be anchored to the 

mitochondrial membrane (97). Within the mitochondria, FKBP38 associated with anti-

apoptotic proteins, B cell lymphoma-2 (Bcl-2) and B-cell lymphoma extra-large (Bcl-

XL) (98), such that FKBP38 overexpression blocks apoptosis and blocking FKBP38 

induced apoptosis. This is hypothesised to be due to FKBP38 anchoring these anti-

apoptotic proteins to the inner mitochondrial membrane (97). Furthermore, FKBP38 

has been associated with a mitochondrial localised form of macro-autophagy known 

as mitophagy. Autophagy is a self-eating process that cells undergo to remove 

dysfunctional components and to recycle cellular constituents. This process is 

mediated by autophagy-related proteins (ATGs) and lysosomal digestion (99). Other 

essential proteins in the execution of mitophagy are LC3A (Microtubule-associated 

proteins 1A/1B light chain 3B), PTEN-induced kinase 1 (PINK1) and Parkin.  

FKBP38 has been demonstrated to be involved in recruiting LC3A and inducing 

Parkin-independent mitophagy (100). Interestingly, while FKBP38 is involved in 

initiating mitophagy, it is translocated to the ER upon mitophagy induction, and thus 

avoids degradation (101). This process enables FKBP38 to be recycled for ER protein 

stabilisation roles and prevent apoptosis mediated by proteotoxic stress. Another role 

of FKBP38 is the regulation of Ras homolog enriched in brain (RHEB), Tuberous 

sclerosis complex (TSC) and downstream mTOR signalling (Fig 1.12). The current 

literature does not reach a consensus on the function of FKBP38 in relation to mTOR 

signalling, with several studies  reporting opposing data, which may be related to 

differing models that have been utilised. Previously, it was demonstrated that FKBP38 

is required for TSC-dependent cell size regulation, which results in upregulation of 
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mTOR signalling (102). This is contradicted by data proposing that FKBP38 is an 

endogenous inhibitor of mTOR, and that FKBP38 is antagonised by Rheb to prevent 

the inhibition of mTOR (103). The hypothesis that FKBP38 inhibits mTOR is further 

supported by a study that has shown that silencing of FKBP38 activated mTOR and 

its associated signalling effectors: ribosomal protein S6 kinase beta-1 (p70S6K1), and 

eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) (104).This 

is further endorsed by data demonstrating that phosphatidic acid (PA), a mediator of 

mTOR activation, competes with FKBP38 for mTOR binding allowing allosteric 

stimulation of mTOR activity (105). Remarkably, Bcl-2 and Bcl-XL have also been 

revealed to compete with FKBP38 for mTOR activation (106). It was shown that upon 

respective Bcl-2 and Bcl-XL knockdown there was a corresponding reduction in 

phosphorylation mTOR effectors p70S6K1 and 4E-BP1. FKBP38 exerts many effects 

on mTOR and cell death pathways, including apoptosis and mitophagy. These effects 

lend important information to both cell biology and disease pathogenesis.  
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1.9 FKBP25 

FKBP25 (FKBP3 gene) is a dual domain FKBP, consisting of a C-terminal PPIase 

region and an N-terminal basic tilted helix bundle (BTHB) region. Similarly, to other 

members of the FKBP family, FKBP25 can bind both FK506 and rapamycin. 

Interestingly, FKBP25 has been shown to have a binding preference for rapamycin 

(107). However, here we are interested in understanding the roles of FKBP25 in the 

absence of these ligands. Upon solving the protein structure of FKBP25 it was found 

that the PPIase domain is required for protein binding activity and the BTLB is 

Figure 1.12: FKBP38 implication in mTORC1 signalling  
Activation of TSC inhabits Rheb, which in turn activates mTORC1. Activation of 

mTORC1 inhibits 4EBP1 and activates p70S6K, resulting in cell growth and 

proliferation. Made with Biorender.com. 
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necessary for nucleic acid binding (108). In contrast to other FKBPs, FKBP25 is known 

to interact directly with DNA and RNA via its BTHB (109-111), however, it has been 

demonstrated to have a binding preference for double stranded RNA (dsRNA) 

oligonucleotides (112). Furthermore, the functions of the PPIase and BTHB regions 

appear to occur independently upon dsRNA binding. Additionally, FKBP25 has been 

shown to interact with the pre-60S ribosomal subunit (110). Here it was demonstrated 

that FKBP25 interacts with a variety of ribosomal proteins and processing factors, such 

as  nucleolin. Importantly, it has been shown that FKBP25 is able to translocate to the 

nucleus upon stress events (113). Nucleolin is a major nucleolar protein in eukaryotic 

cells that is known to interact with histones and to induce decondensation of nucleolar 

chromatin (114).  This interaction of FKBP25, nucleolin, and the pre-60S ribosomal 

subunit, is hypothesised to be required to chaperone the components of the large 

ribosomal subunits and facilitate ribosomal RNA processing. 

 While FKBP25 has been shown to have a binding preference for RNA, it also plays 

an integral role in DNA double-strand break (DSB) repair (111). DSBs can be repaired 

using one of two DNA repair mechanisms, homologous recombination (HR) or single-

strand annealing (SSA). HR is a process that involves end processing of damaged 

DNA strands by HR associated protein Rad50, and strand inversion facilitated by 

Rad51 (115). Upon HR, damaged DNA is initially processed by DNA replication protein 

A (RPA) and Rad52 to resect the 3’ and 5’ ends at the damage site. Next, BRCA2 

(Breast Cancer susceptibility protein 2) delivers Rad51 to the damage site, the DNA 

strands become inverted and homologous repair can begin. Here, non-damaged 

dsDNA is utilised as a template for repair synthesis of damaged DNA (Fig 1.13). Cells 

that are depleted of FKBP25 exhibit reduced Rad51 foci in response to double 

stranded breaks induced by UV (ultraviolet) light exposure. Interestingly, FKBP25 was 
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also demonstrated to suppress SSA by reducing expression of SSA-associated 

protein, Rad52 (111, 116). It appears that SSA is the preferred DNA repair mechanism 

in cancer cells, which may be due to the presence of BRCA mutants hindering 

sufficient HR (117). SSA is known to be associated with greater error incidence than 

other DSB repair pathways, resulting in an accumulation of somatic mutations, and as 

such is associated with oncogenic transformation (117, 118).  FKBP25 is also known 

to interact with the transcription factor, p53,  and p53 repressor mouse double minute 

protein 2 (MDM2). It was shown that FKBP25 instigates degradation of MDM2 to 

enable p53 activation, which may be important in the role of FKBP25 in facilitating 

DSB repair  (119). However, this role has not been investigated in a cancer setting 

where p53 is mutated. Furthermore, studies have also identified FKBP25 and tubulin-

associated oncoprotein, stathmin/Op18, to be reduced upon p53 induction (120). 

Interestingly, FKBP25 had been demonstrated to be a bona fide microtubule-

associated protein that is involved in stabilising tubulin polymers (Fig 1.14). 
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Figure 1.13: Double stranded DNA break repair 
Repair of a double stranded DNA break requires resection of the 3’ and 5’ ends 

of the damage site mediated by replication protein A (RPA) and Rad 52. Rad51 

is recruited to the resected ends by BRCA2 to initiate stand inversion, ligation, 

and DNA synthesis to repair the break. The product is a hybrid of the damaged 

DNA (blue) and undamaged template DNA (pink). Made with Biorender.com. 
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 Loss of function studies have found that, in the absence of FKBP25, there are several 

cellular defects, including multiple nuclei and the presence of micronuclei, due to 

decreased stability of the mitotic spindle (109).This function was further investigated 

by Wang and colleagues and it was identified that depletion of FKBP25 resulted in 

abnormal, aneuploid oocytes, due to defective spindle-kinetochore interactions (121). 

These diverse roles of FKBP25 in cell biology and function have the capacity for 

implications in cancer pathogenesis and require further research.  

Figure 1.14: FKBP25 is a microtubule stabilising protein 
FKBP25 is a microtubule (MT) associated protein that is required for stabilisation 

of MT polymers. The PPIase domain of FKBP25 is required for its interaction with 

tubulin polymers and has been demonstrated to be involved in stabilisation of the 

microtubule assemblies, including the mitotic spindle. Made with Biorender.com. 
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1.10 The roles of FKBPs in cancer pathogenesis   

1.10.1 FKBPs in hormone receptor expression 

Multidomain immunophilins, FKBP51 and FKBP52, have been extensively researched 

regarding their role in the HSP90 chaperone complex (reviewed in (122)). The HSP90 

chaperone complex is a protein complex that is responsible for a plethora of cellular 

functions that can lead to pathogenic changes in cancer. Of specific interest, FKBP51 

and FKBP52 are intricately involved in the expression of hormone receptors (including 

ER, PR, and AR) in hormone receptor positive cancers, including breast and prostate 

cancers (67, 81). FKBP52 has been consistently demonstrated to be expressed at 

increased levels in ER+ breast cancer tissue and cells compared to that of normal 

tissue (73, 123). Increased expression of ER in breast cancer tissues results in 

increased proliferation of mammary tissues (124). In conjunction with other mutations 

that must occur to progress to an oncogenic phenotype, such as mutations to 

oncogenes and tumour suppressor genes, there is increased risk of cancer 

progression to metastatic disease (125). Similarly, FKBP52 has also been 

demonstrated to be shown to be involved in modulating AR activity (126). Specifically, 

it was found that upon inhibition of AR binding to the FKBP52-HSP90 complex there 

was a significant reduction in AR nuclear translocation and subsequent AR-related 

gene expression (127). Interestingly, FKBP52 is accepted as a positive regulator of 

steroid receptor expression, while FKBP51 is a negative regulator (77, 128). A notable 

exception of FKBP51’s role as a negative regulator of steroid receptor expression its 

affinity for the AR (81). In fact, FKBP51 has been shown to be expressed in an 

androgen-dependent manner (83), such that knockdown of FKBP51 protein 

expression resulted in reduced androgen dependent signalling (82). Considering the 

relationship between these FKBPs and cancer progression there is some merit in 
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pharmacologically inhibiting these molecules. This could be accomplished either 

directly to inhibit FKBP-receptor interaction, or the FKBP-HSP90 interaction. A novel 

inhibitor of FKBP52, MJC13, which acts by preventing FKBP52 binding to the AR in 

prostate cancer cells by inhibiting the interaction between the AR and the FKBP52-

HSP90 complex (127). Furthermore, this small molecule inhibitor was demonstrated 

to antagonise AR dependent gene expression and proliferation (127). Similarly, 

rapamycin has been demonstrated to occupy the PPIase domain of FKBP51 in 

prostate cancer cells and result in reduced AR-dependent signalling pathways (79). 

These data suggest that targeting FKBPs in hormone dependent cancers may be a 

viable therapeutic option.  

1.10.2 FKBPs in cell death regulation 

FKBPs have also been demonstrated to be involved in regulating cell death pathways, 

including apoptosis and necroptosis. Cancer is a disease in which cell growth and 

proliferation outweighs cell death, as such, evasion of apoptosis is a key hallmark of 

cancer (129). Apoptosis is mediated by pro-apoptotic mediators (including BAX, BID, 

BAK, and BAD) and inhibited by antiapoptotic factors (Bcl-XL and Bcl-2). Proapoptotic 

homodimers are required to permeabilise the outer mitochondrial membrane which 

leads to initiation of the intrinsic apoptosis pathway (130). The intrinsic apoptotic 

pathway involves the release of cytochrome C from the mitochondria, activation of 

apoptotic protease activating factor 1 (Apaf-1) and generation of the apoptosome that 

mediates pro-caspases (caspase 9) cleavage,  resulting in activation of pro-caspase 

3 to initiate apoptosis (131). The presence of proteins that can prevent the induction 

of apoptosis are of interest in cancer progression. Mitophagy is an organelle specific 

form of autophagy, a controlled self-digestion process that involved fusion of lysosome 

to membrane bound targets (132). Specifically, FKBP38 has been shown to recruit 
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autophagy marker, LC3A, to the outer mitochondrial membrane resulting in increased 

mitophagy (133). Furthermore, it was demonstrated that upon induction of mitophagy, 

FKBP38 no longer colocalised to the mitochondria, but  translocated to the ER (133, 

134). While it has not been specifically shown, it is hypothesised that FKBP38 is likely 

to be involved in evasion of apoptosis and subsequent cancer propagation (135).  

Similarly, FKBP12 has been demonstrated to coordinate the formation of the 

necrosome, a complex of necroptotic proteins MLKL, RIPK1, and RIPK3 (54). 

Necroptosis has been demonstrated to have both pro- and anti- tumour effects 

depending on the expression of necroptosis-related proteins (136). Specifically, 

increased levels of RIPK1 protein and  RIPK3 are associated with poor prognosis in 

pancreatic ductal carcinoma (137). However, reduced levels of MLKL have been 

correlated to poor patient outcomes in reproductive cancers  (138, 139). The 

alterations of the expression of these proteins have been associated with chronic 

inflammation which is known to contribute to carcinogenesis (140, 141). Unpublished 

data from our laboratory has shown that FKBP12 is highly expressed in triple negative 

breast cancer cell lines, including MDA-MB-231, Hs578t, and BT-549 cells, while 

previous research shows that RIPK3 is positively correlated with triple negative and 

basal-like breast cancers, indicating an increased necroptotic capacity (142). This 

proinflammatory environment facilitates a cancer progression and advancement to 

metastatic disease (143). FKBPs may present an opportunistic target for therapies that 

aim to redirect cells to programmed cell death pathways.  

1.10.3 FKBPs in microtubule stability  

The cytoskeleton is a dynamic network consisting of three main components, 

microfilaments, intermediate filaments (IF), and microtubules (MT) (See Fig 1.15)  

(144). Each of these components are capable of rapid growth and disassembly to 



32 
 

mediate cell functions, including migration, cell division, intracellular trafficking 

(reviewed in (145)). Microfilaments are polymers composed of globular actin 

monomers that can push against a barrier, such as the cell membrane, to facilitate cell 

movement (146). Actin remodelling is a feature in epithelial to mesenchymal transition 

(EMT) that contributes to metastatic progression of cancer cells (147). It has been 

demonstrated that EMT induction rapidly activates RhoA, a GTPase that is involved in 

modulating actin organisation (148).  Comparably, IFs are intricately linked to EMT in 

cancer cells (149). IFs are an essential component of the cytoskeleton that provide 

support to the plasma membrane and maintain cell shape (150). There are 6 

subgroups of IFs that are specifically expressed in different types of tissues (151). 

Furthermore, the transition from one type of IF to another is considered a marker of 

EMT (152). The most notable IF transition that has been studied in the context of 

cancer is the expression of vimentin in epithelial cells (153). Vimentin is a typical IF 

that is expressed in mesenchymal cells, such as fibroblasts (154, 155). The transition 

to vimentin from epithelial IFs, such as keratins (156), has many implications for cell 

behaviours, with the transition to vimentin filaments being associated with a change in 

nuclear shape, loss of cell-to-cell adhesions and increase focal adhesion dynamics 

(157, 158). The final component of the cytoskeleton is the MT network, composed of 

alpha and beta tubulin dimers that form MT polymers (159). MTs are an essential 

component of the cytoskeleton that play roles in cell structural support, intracellular 

transport, motility and chromosome separation during mitosis (160). MTs are a 

dynamically instable polymer, meaning that they are constantly growing and 

disassembling at either end of the polymer (161). This feature of MTs is exploited by 

MT targeting drugs including taxanes (paclitaxel and docetaxel (162)) and vinca 

alkaloids (vincristine and vinblastine (163)). In principle, MT targeting drugs are mitotic  
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Figure 1.15: Structure and components of the cytoskeleton 

The cytoskeleton is composed of 3 components. Microtubules (green) – mitotic 

spindle formation and intracellular transport; intermediate filaments (purple) – 

maintain cell shape and provide structural support; and actin filaments (pink) – 

cell motility and maintenance of cell shape. Made with Biorender.com 
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inhibitors that act by stabilising GDP-bound tubulin, which would normally be prone to 

depolymerisation (taxanes) or conversely, inhibiting tubulin dimers from polymerising 

into MTs (vinca alkaloids) (164, 165). The expression of selected MT-associated 

proteins (MAPs) has been linked to taxane resistance in cancer cells (166-168). 

Interestingly, FKBP52 and FKBP25 are known MT-associated proteins that destabilise 

and stabilise MT polymers, respectively (109, 169). Specifically, FKBP52 has been 

demonstrated to be a MT depolymerising molecule that results in MT catastrophe at 

the plus end of the polymer (169). FKBP52 is known to be upregulated in ER positive 

breast cancers (67, 73). Unpublished data from our Lab has demonstrated that  

FKBP52 knockdown, in both mouse embryonic fibroblasts and MDA-MB-231 breast 

cancer cells, results in increased sensitivity to paclitaxel (170). Additionally, the same 

unpublished study identified that FKBP52 was associated with increased metastatic 

propensity, increased proliferation, and alterations to cell cycle regulators. While in 

contrast, FKBP25 knockdown in U2OS cell line was demonstrated to result in 

paclitaxel resistance which is explained by the significantly reduced MT polymer 

content in FKBP25 knockdown cells (109). These FKBPs facilitate vastly different 

effects on cancer susceptibility to MT targeting drugs, which are first line of therapy for 

metastatic breast cancer (171). FKBP52 and FKBP25 should be considered as viable 

screening molecules when selecting appropriate treatments for cancer therapies. 

However, the role of FKBP25 is yet to be fully elucidated in the pathogenesis of cancer. 
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1.11 Nuclear FKBP25 in cancer pathogenesis 

1.11.1 FKBP25 regulation of transcription factors 

Unlike many of the other FKBP family members, FKBP25 has consistently been 

demonstrated to have many nuclear functions, including regulation of transcription 

factor expression, interaction with histones and histone modifiers, and regulation of 

chromatin modifications (reviewed in (172)). The nuclear activities of FKBP25 are 

mediated by both of its functional domains, specifically the N-terminal PPIase domain 

which is required for protein-protein interactions and the BTHB domain that is required 

to mediate interactions with nucleic acids (108). These nuclear roles of FKBP25 make 

it an ideal candidate for facilitating cancer pathogenesis. FKBP25 has been 

demonstrated to interact with YY1 (173), a transcription factor that acts as both a 

transcriptional activator and repressor (174). In the context of cancer progression, YY1 

has multifaceted roles in promoting cancer propagation, largely surrounding 

transcription of regulators of proliferation. For example,  YY1 inhibits p53 expression 

and results in subsequent increases in cell proliferation (173, 175). Further to p53 

repression, YY1 has been demonstrated to inhibit p27 expression (a cyclin-dependent 

kinase inhibitor), resulting in increased proliferation signalling in breast cancer cells 

(176). In relation to FKPB25, YY1 was able to be augmented by FKBP25 expression, 

resulting in increased expression of histone deacetylases 1 and 2 (HDACs 1/2) (173). 

HDAC1 and 2 are classified as class 1 histone deacetylases, which are found 

ubiquitously in all tissues localised to the nucleus where they serve to cleave acetyl 

groups from chromatin (177). Chromatin acetylation is a process that enables histone-

associated chromatin to become relaxed in order for DNA binding proteins to easily 

access transcription sites (178). HDACs have been described to be heavily involved 

in regulation of genes that are known to be beneficial to cancer progression, such as 
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cell cycle inhibitors (p21/p27 (179, 180)), markers of epithelial cell commitment (E 

cadherin (181)), and stress transcription factors (HIF1α, HSP90 (182, 183)).  

1.11.2 FKBP25 RNA binding  

In yeast models, it has been demonstrated that the FKBP25 homolog, Fpr3, was found 

to physically associate with histone H2B and verified to be a nucleolar protein (184). 

In mammalian cells, FKBP25 is known to be localised to the nucleolus, in fact, FKBP25 

has been demonstrated to contain several putative nuclear localisation sequences 

(107). These are specifically sequences that are rich in lysine residues that are located 

on exposed surfaces of the tertiary structure of a protein (185). While it is recognised 

that FKBP25 has the capacity to move between the cytoplasm and nucleus, in order 

to translocate to the nucleolus, FKBP25 must be bound to RNA (112). RNA binding 

proteins (RBPs) are critical for transcriptional control, and processing and 

transportation of RNA, ultimately affecting the translation of encoded proteins. RBPs 

have been illustrated to be involved in cancer pathogenesis of many cancers, including 

that of breast cancer cell EMT (186-188). RBPs have been demonstrated to protect 

EMT transcription factors from degradation (189). RBPs, such as Polypyrimidine tract 

binding protein 1 (PTPB), binding to the 3’-untranslated regions of mRNAs of EMT 

transcription factor, ZEB1 (a negative regulator of E cadherin) which enhances 

mesenchymal characteristics, including proliferation, migration and invasiveness 

(190). Additional mRNAs that are protected from degradation include: anti-apoptotic 

proteins (Bcl-2 and Bcl-XL), phosphatase and tensin homolog (PTEN; a known tumour 

suppressor), Cyclin E, and c-myc (191-194). Considering that FKBP25 can translocate 

between the nucleolus, nucleus, and cytoplasm, it is a possibility that FKBP25 is able 

to interact and potentially be involved in protecting EMT-associated mRNAs from 

degradation. A protein of interest, in relation to EMT, is La-related protein 6 (LARP6) 
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that has been demonstrated to facilitate upregulation of EMT characteristics in MDA-

MB-231 breast cancer cells, including proliferation and invasion properties (195). 

Interestingly, LARP6 has been demonstrated to interact with FKBP25 and this 

complex was able to stabilise collagen mRNA (196). While this relationship has not 

been examined further, these findings suggest that FKBP25/LAP6 may be involved in 

stabilising other mRNAs that are associated with EMT and cancer progression. 

However, to date there has been no research investigating the interrelationship 

between FKBP25 protein expression and its function in cancer progression or EMT.  

1.11.3 FKBP25 in epithelial to mesenchymal transition (EMT) and cancer 

progression 

Epithelial to mesenchymal transition (EMT) is a process in which epithelial cells lose 

their epithelial like characteristics,  gaining migratory and invasive traits and becoming 

mesenchymal-like cells. While EMT is a necessary process in embryonic development 

and wound healing (197),  this process also manifests in cancer progression and 

metastatic initiation. Here cells from epithelial carcinomas undergo EMT, enabling 

them to gain invasive properties that allow them to breach the confines of the primary 

tumour and metastasise to a secondary site (198). A recent meta-analysis has shown 

that 66% of solid tumour cases result in death related to metastasis (199). Importantly, 

it has been shown continuously that chemotherapy treatment alone does not prevent 

the onset of metastatic disease (200-202). Molecular mediators of EMT and metastatic 

progression are of particular interest for generation of novel therapeutics to improve 

patient outcomes of late stage and metastatic cancers. One such example of a 

potential mediator of EMT and metastasis is FKBP25. FKBP25 has been 

demonstrated to be involved in many molecular pathways that are linked to EMT and 
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metastatic progression, and regulation of protein interactions that are known to 

propagate tumorigenic cells (See Table 1.1).  

Table 1.1 FKBP25 roles in EMT and cancer progression summary 

Protein Interaction with FKBP25 
Function in EMT or cancer 

progression 
Ref 

p53 

FKBP25 expression is 

repressed by WT p53. 

FKBP25 knockdown results in 

reduced p53 level. 

Reduced WT p53 activity 

results in propagation of 

mutations associated with 

cancer progression. 

(120) 

(119) 

MDM2 
FKBP25 stimulates the auto-

ubiquitination of MDM2. 

Loss of MDM2 expression 

enables mutant p53 signalling in 

cancer cells.  

(119) 

(203) 

YY1 
FKBP25 alters the DNA 

binding activity of YY1. 

YY1 increases expression of 

snail, which increases vimentin, 

N cadherin, and fibronectin 

expression; while decreasing E 

cadherin expression. 

(173) 

(204) 

(205) 

HDAC2 

FKBP25 activates HDAC2 

and promotes transcription 

factor Sp1 activity. 

FKBP25 knockdown was 

demonstrated to reduce 

HDAC2 expression. 

Increased proliferation of lung 

cancer cells via Sp1 activation.  

Loss of FKBP25 demonstrated 

to attenuate chemoresistance in 

vitro. 

(206) 

(207) 

(208) 
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LARP6/ 

Acheron 

FKBP25 interacts with 

LARP6. 

LARP6 is known to enhance 

proliferation, invasion, increase 

MMP expression in breast 

cancer cells. 

(196) 

(195) 

Nucleolin 

FKBP25, nucleolin, and re-

60S ribosome subunits 

associate. 

Nucleolin has been 

demonstrated to stabile specific 

miRNAs involved in promoting 

metastatic phenotype in breast 

cancer cells. 

(110) 

(209) 

(210) 

Rad51 

FKBP25 knockdown impairs 

DNA double stranded break 

repair mediated by Rad51. 

Loss of FKBP25 forces cells to 

undergo error prone SSA. 

Cells that survive double 

stranded DNA breaks transition 

to EMT-like phenotype. 

(111) 

(211) 

 

FKBP25 is known to interact with tumour suppressor protein, p53, and act as a 

suppressor of WT p53 activity (120). Additionally, FKBP25 knockdown has been 

shown to reduce p53 levels (119). The role of p53 in cancer progression has been 

extensively reviewed in the context of many cancers due to its high mutation frequency 

(Reviewed in (212, 213)). Both reduced WT p53 expression and function, and the 

presence of mutated p53,  corelate with cancer progression and poor patient outcomes 

by increasing the incidence of genomic instability (214). Furthermore, FKBP25 has 

been shown to participate in regulation of MDM2, p53’s negative regulator (119), 

where  FKBP25 stimulates autoubiquitination of MDM2 causing it to be degraded by 

the proteasome (119, 203).  Subsequently, this loss of p53 sequestration results in 
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dysregulated mutant p53 signalling resulting in proliferation of damaged cells. FKBP25 

has been shown to interact with numerous proteins, which is characteristic of its role 

as a PPIase, and some of these interactions have been known to be related to pro-

cancer roles. YY1 is a transcription factor that has been demonstrated to have 

increased DNA binding ability in the presence of FKBP25 in a concentration-

dependent manner  (173). While the transcriptome of YY1 in the presence of FKBP25 

has not been fully described, YY1 is known to increase the expression of Snail, an 

EMT transcription factor (204). Snail and slug are known to impair the expression of E 

cadherin, and increase the expression of mesenchymal markers, vimentin, N cadherin, 

and fibronectin (215, 216). This suggests that the level of FKBP25 protein may play a 

role in the progression through EMT. One example of a known target of YY1 is HDAC2, 

which interestingly is also directly impacted upon by FKBP25 (173). HDAC2 was 

shown to be activated by FKBP25 and concurrently prevent degradation of 

transcription factor, Sp1 (206). Sp1’s transcriptional target, Forkhead box protein M1 

(FOXM1), is a proto-oncogene that is responsible for dysregulated proliferation in 

cancer cells (217). Furthermore, Sp1 has been shown to regulate acetylation of the 

HDAC2 promoter and FKBP25  increases HDAC2 activity, suppressing  the 

expression  of cyclin-dependent kinase inhibitor, p27 (206, 218). Another protein that 

FKBP25 has been identified to interact with is LARP6, an RNA binding protein that is 

closely related to La-protein, which is intimately involved in RNA metabolism (219). In 

an experimental model of liver fibrosis, it was shown that FKBP25 and LARP6 interact 

to stabilise collagen mRNA and increase fibrosis in vivo (196). In the context of cancer 

pathogenesis, LARP6 has been demonstrated to act as an oncogene and facilities 

tumour growth, vascularisation, and production of MMPs (195). Interestingly, these 

functions of LARP6 are reliant on its ability to translocate to the nucleus.  
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As a nuclear protein, FKBP25 interacts with other nuclear and nucleolar proteins, 

including nucleolin (110, 209). Nucleolin is a nucleic acid binding protein that is 

involved in chromatin de-condensation and interaction with pre ribosomal subunits 

(114). Nucleolin in cancer progression has been demonstrated to be involved in 

stabilising micro RNAs (miRNA) that are involved in invasive breast cancer (210). 

There are several miRNAs that have been involved in the pathogenesis of cancer, 

including that of invasive breast cancer (220). Nucleolin has previously been shown to 

be involved in processing and maturation of miRNAs. miR-21, miR-103, miR-221, and 

miR-222, which are mediators of invasive and mesenchymal behaviours, including in 

vivo proliferation(221). Importantly, it was shown that upon inhibition of nucleolin 

reversed mesenchymal features both in vitro and in vivo (210). Finally, FKBP25 has 

been revealed to influence DNA repair protein, Rad51, such that depletion of FKBP25 

reduces Rad51 foci at DSB sites (111). Rad51 is involved in homologous 

recombination, a form of DSB repair that yields a lower error rate than a second repair 

pathway known as single strand annealing (222). Thus, loss of FKBP25 reduces repair 

reliance on homologous repair (mediated by Rad51) and subsequently causes the 

cells to become reliant on SSA (mediated by Rad52). The ensuing reliance on SSA 

may increase the likelihood of accumulation of further mutations that can promote 

cancer progression and an EMT phenotype (211). These processes link FKBP25 to 

EMT and cancer progression. However, to date there has been limited research that 

has directly implicated FKBP25 in cancer pathogenesis.  
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1.11.4 FKBP25 in mesenchymal to epithelial transition (MET) cell 

differentiation 

Considering the variety of potential roles that FKBP25 plays in regulating cell function, 

and the associated implications for cancer progression and EMT,  it is hypothesised 

that FKBP25 may have some roles in the opposite process, mesenchymal to epithelial 

transition, or MET. MET is a process in which proliferative mesenchymal cells 

transition to differentiated epithelial-like cells, and occurs during development, wound 

healing, and cellular reprogramming (223). One such model of MET is myogenesis, 

where proliferative, mesenchymal-like myoblasts commit and transition to epithelial-

like myotubes, precursors of muscle fibres (224). Notably, FKBP25 is the mostly highly 

expressed of all FKBPs in mature skeletal muscle and, in fact, it is in the top 10% of 

proteins expressed in the skeletal muscle proteome (225). Considering how highly 

expressed FKBP25 is in skeletal muscle, it is plausible that it plays a role in muscle 

structure or function. Again, to date, there has been no research into the role of 

FKBP25 in MET, myogenesis, or skeletal muscle structure and function.  
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1.12 Hypothesis 

It is hypothesised that FKBP25 will play a role in proliferation and differentiation of 

differentiating myoblasts and de-differentiating breast cancer cells. 

1.13 Overarching aims   

The overarching aims this thesis are to examine the role of FKBP25 in cell 

differentiation, in terms of both physiological processes, including MET-like 

differentiation or myogenesis), as well as pathogenic de-differentiation (i.e. 

EMT/cancer progression). This will be achieved by using a variety of in vitro and in 

vivo models of breast cancer EMT, myogenesis and skeletal muscle plasticity. These 

findings will be further consolidated using in vitro knockdown studies to examine the 

impact of FKBP25 knockdown on cell biology and function. The conclusions of these 

studies will provide valuable insight into the roles of FKBP25 in cell differentiation and 

disease.  
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1.14 Specific aims 

Chapter Specific aims 
Chapter 3: To investigate the 

role of FKBP25 in cancer cell 

de-differentiation and EMT. 

1. To investigate the expression of FKBP25 in 

breast cancer subtypes 

2. To examine the impact of FKBP25 

expression upon induction of oncogenic 

mutations. 

3. To determine the effects of epidermal growth 

factor mediated EMT on FKBP25 

expression.  

4. To determine the signalling pathways that 

influence FKBP25 protein expression. 

 
Chapter 4: To describe the 

role of FKBP25 in 

myogenesis and skeletal 

muscle plasticity. 

 

1. To observe FKBP25 expression in the 

C2C12 model of myogenesis.  

2. To examine the effect of quiescence 

induction on FKBP25 expression. 

3. To contrast the expression in human 

primary myoblasts and human 

rhabdomyosarcoma cell line Rh30 

4. To examine the interaction between 

FKBP25 and remodelling in in vivo models 

of muscle plasticity.  
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Chapter 5: To examine the 

impact of FKBP25 

knockdown on cell biology 

and function of MDA-MB-468 

breast cancer cells and 

C2C12 myoblasts. 

1. Generation of doxycycline inducible shRNA 

knockdown of FKBP25 in MDA-MB-468 and 

C2C12 cell lines. 

2. Examining the impact of FKBP25 

knockdown on cell proliferation. 

3. Examining the impact of FKBP25 

knockdown on cell migration. 

4. Examining the impact of FKBP25 

knockdown on anchorage dependent 

growth and invasion outgrowth in MDA-MB-

468 cells. 

5. Examining the impact of FKBP25 

knockdown on C2C12 differentiation. 

6. Examining the impact of FKBP25 

knockdown epithelial to mesenchymal 

transition of MDA-MB-468 cells. 
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Chapter 2: Methods and Materials 

2.1 Plasmid purification 

2.1.1 Bacterial Culture 

Bacterial cultures containing plasmids (SMARTvector™ Inducible Lentiviral shRNA, 

Dharmacon, CO, USA) of interested were inoculated into 100ml of sterile Luria broth 

(LB; 1% tryptone, 0.5% yeast extract and 1% NaCl; Thermo Fisher, MA, USA) 

containing ampicillin (100µg/ml), These cultures were grown overnight at 37°C, 

shaking at 240 rotations per minute (RPM). Cells were pelleted at 3500 RPM for 20 

minutes at 4°C and resuspended in lysis buffer for plasmid extraction as per section 

2.1.5 using HI pure plasmid filter DNA purification Midi Kit (Thermo Fisher, MA, USA).  

2.1.2 Glycerol stocks 

Bacteria cultures were inoculated into 5ml of LB broth containing appropriate 

antibiotics and grown overnight at 37°C with agitation (240 RPM). An 800µl aliquot of 

overnight culture was mixed with 200µl of 75% sterile glycerol (final concentration of 

15%) in a 2ml cryotube by gentle vortexing and stored at -80°C. 

2.1.3 Plasmid extraction 

Lysed bacterial cells were prepared using the pure link HI pure plasmid filter DNA 

purification Midi Kit (Thermo Fisher, MA, USA) as per the manufacturer’s instructions. 

In brief, pelleted bacterial cells were resuspended, lysed, and plasmid DNA was 

precipitated from the solution and extracted via column separation. The plasmid DNA 

was washed, eluted from the column, and precipitated with isopropanol (Sigma 

Aldrich, MO, USA). The plasmid suspension was centrifuged at 13.3 RPM for 30 

minutes at 4°C. Supernatant was discarded and the pellet resuspended in 70% (v/v) 
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ethanol and the spin was repeated. The pelleted plasmid was left to dry at room 

temperature. The dried pellets were resuspended in Tris-EDTA (TE) buffer for storage 

(-20°C) and use. The plasmid concentrations were analysed using Nanodrop 

spectrophotometer (Thermo Fisher, MA, USA); including plasmid concentration, and 

measures of purity (260:280, 260:230 ratio).  

Due to the proprietary nature of the SMARTvector backbone, no restriction digests 

were able to be performed to confirm plasmid DNA (See Figure 2.1).  

2.2 Cell culture 

2.2.1 Routine culturing of cell lines 

Breast cancer cell lines, including MDA-MB-231, MBA-MB-468; myoblast cell line 

C2C12, and human embryonic kidney cell line HEK293t, were cultured in Dulbecco’s 

modified eagle medium (DMEM, Thermo Fisher, MA, USA) supplemented with 10% 

foetal bovine serum (FBS), antibiotic/antimycotic (1%, Invitrogen, CA, USA), Glutamax 

(1%, stable L-glutamine substitute, Thermo Fisher, MA, USA), sodium pyruvate 

(1mM/110mg/L, Thermo Fisher, MA, USA),  and HEPES (25mM/5.9g/L, Thermo 

Fisher, MA, USA). Other breast cancer cells including T47D, were maintained in 

Roswell Park Memorial Institute (RPMI, Gibco, MA, USA) containing the same 

supplements.  Immortalised mammary epithelial cell line, MCF10A, was maintained in 

a DMEM/F12 formulation containing epidermal growth factor (EGF, Thermo Fisher, 

MA, USA), cholera toxin (Sigma Aldrich, MO, USA), insulin (Thermo Fisher, MA, USA), 

and horse serum (5%, Thermo Fisher, MA, USA).  

Cells were grown to 80% confluency before passaging, where media was removed, 

and cells were rinsed with phosphate buffered saline (PBS). Cells were then incubated 

with TrypLE Express (Stable trypsin alternative, Thermo Fisher, MS, USA) for 
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approximately 5 minutes at 37°C with 5% CO2 to dissociate cells from the culture 

vessel.  

MCF10A cells were dissociated using TrypLE Express and collected in resuspension 

medium (growth medium with 20% horse serum, as serum is required to inactivate 

trypsin), the resuspension was then centrifuged at 1500 RPM for 5 minutes to pellet 

the cells. The resuspension media was discarded, and the pellet resuspended in 

growth media for passaging. All cells were diluted at an appropriate dilution for the cell 

line and incubated at 37°C with 5% CO2.  

C2C12 myoblasts were differentiated by changing media to differentiation medium, 

DMEM containing 2% horse serum (Thermo Fisher, MA, USA) containing the same 

supplements as previously described. C2C12 myoblasts were plated at high 

confluency (80-90%) for 24 hours prior to changing to differentiation medium for 4-5 

days to form myotubes. 

2.2.2 Routine culturing of primary cell lines 

Human primary myoblast (MDA-135) and rhabdomyosarcoma (Rh30) cell lines were 

provided by Kevin Watt. Both MDA-135 and Rh30 primary cell lines were cultured and 

maintained in Hams/F10 medium (HyClone medium, Amersham, Piscataway, NJ, 

USA), supplemented with fibroblast growth factor basic (FGF-2, 25µg/ml, Peprotech, 

NJ, USA), 10% FBS (Thermo Fisher, Australia) and 1% antibiotic/antimycotic (Thermo 

Fisher, MA, USA). Cells were maintained at approximately 60% confluence to prevent 

premature differentiation as a result of increased confluency. For differentiation cells 

were plated at high confluency (80-90%) for 24 hours before being transitioned to 

differentiation medium, alpha minimum essential medium (alpha MEM, Gibco, MA, 

USA) supplemented with insulin/selenium solution (0.5% of 100x stock solution, 
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Thermo Fisher, MA, USA), B27 supplement (2% of 50X stock solution, Thermo Fisher, 

MA, USA) and horse serum (2%, Thermo Fisher, MA, USA). Cells cultured in 

differentiation medium fused into myotubes in 3-4 days stored at 37°C with 5% CO2. 

2.2.3 Induction of quiescence in C2C12 cells 

C2C12 cells were grown to 70% confluency in T75 flasks and lifted as described in 

2.2.1. A viscous suspension medium containing 4% methylcellulose (MC)/DMEM 

(MC/DMEM (w/v)) was prepared according to Subramanian et al. to suspend C2C12 

cells and prevent adherence, thus arresting cells in G0 phase (i.e. quiescence). 

Additionally, a suspension mix was prepared containing 20% FBS, 4mM Glutamax, 1x 

antibiotic/antimycotic, and 10nM HEPES which was added to 6.6mL of MC/DMEM to 

a total of 10mL in a 50mL falcon tube (Corning). Cells were counted and adjusted to 

1x106 cells per mL and 1mL was added to the MC/DMEM solution. The solution 

containing the cells was gently rolled to ensure the cells were distributed in the 

solution. The tubes were stored upright at 37°C with 5% CO2 and agitated daily to 

ensure the cells did not settle. Cells were collected over various time points by 

centrifugation, whereby the suspension was diluted with PBS and the tubes were 

centrifuged at 1250G for 25 minutes. Centrifugation was repeated several times to 

remove all MC in the cell suspension. Cells were then either lysed for protein collection 

(as per 2.3.1), or resuspended and replated under normal culture conditions for further 

analysis.  

2.2.4 Epidermal growth factor induction of epithelial to mesenchymal 

transition 

MDA-MB-468 cells were growth and lifted as per section 2.2.1, replated at low 

(approximately 50%) confluency and allowed to adhere overnight. Following this, the 
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complete medium was replaced with serum free medium (DMEM, Gibco, MA, USA) 

for 16 hours. Finally, the cells were treated with 50ng/ml epidermal growth factor (EGF, 

Corning, NY, USA) in complete growth media for 72 hours. Cells were imaged using 

the Olympus IX81 microscope to observe morphological changes. In knockdown 

experiments, cells were treated with doxycycline (dox, at 0.5µg/ml) starting 24h prior 

to serum deprivation. Then continued as described above in the presence of dox.  

2.2.5 Cryopreservation of cell lines 

Cell lines were grown to confluency in T75 flasks and passaged as per 2.2.1. Cells 

were lifted and centrifuged in growth media for 5 minutes at 1500 RPM, after which 

the pellet was held on ice. The cells were then resuspended in 4mL of freezing medium 

(90% FBS and 10% dimethyl sulfoxide (DMSO)), 1mL of cell suspension was added 

per cryotubes (Nunc, Thermo Fisher, MA, USA). Filled cryotubes were placed on ice 

for approximately 5 minutes before being transferred to a cold (4°C) Mr. Frosty cryo-

container (Thermo Fisher, MA, USA). This was stored at -80°C for 24 hours, after 

which the cells were transferred to liquid nitrogen (LN2) for long term storage. 

2.2.6 Generation of lentiviral particles 

HEK293t cells were grown to 80% confluency in T75 flasks (Corning), lifted and 

reseeded at medium confluency in either 6 well plate (1x105 cell per well) or 10cm dish 

(1x106 cells) (Corning) and left to adhere overnight at 37°C with 5% CO2. Prior to 

transfection, cells were changed to DMEM containing no antibiotic/antimycotic. For 

lentiviral transfection 5µg of psPAX.2 and 2.5µg of pMD2.g were combined with 7µg 

of plasmid DNA in 2mL DMEM and mixed thoroughly. Next, 14µl of PLUS reagent 

(Invitrogen, MO, USA) was added and incubated at room temperature for 5 minutes. 

12µl of Lipofectamine LTX (Invitrogen, MO, USA) was added to the mixture and 
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incubated for 30 minutes at room temperature (Lipofectamine is used to create lipid 

bound vesicles which deliver the viral components into the packaging cells). The DNA-

lipid complex solution was added to the cells in a dropwise manner, gently rocked to 

mix, and then incubated for 16 hours at 37°C with 5% CO2. After 16 hours the 

supernatant is removed and replaced with harvesting media (i.e. the growth medium 

of cells of recipient cells, DMEM with 10% FBS), which was collected after 48 hours. 

The virus containing supernatant was centrifuged briefly to pellet any cells and filtered 

using a 0.4µM polyvinylidene difluoride (PVDF) filter, aliquoted and stored at -80°C for 

future use. 

2.2.7 Generation of stable FKBP25 knockdown cell lines 

Cells of interest, namely MDA-MB-468 and C2C12, respectively, were plated at 1x106 

cells in a T25 flask (Corning) and allowed to adhere overnight at 37°C with 5% CO2. 

The growth medium was removed and replaced with 2mL of DMEM containing 

lentiviral particles (1 in 3 dilution), and 10µg/mL of polybrene which was incubated for 

24 hours. After 24 hours the virus containing media was discarded and replaced with 

growth medium for a recovery period of 24 hours. Following this cells that were 

successfully transfected were selected using the selection marker contained on the 

plasmid, i.e. puromycin resistance. Cells were cultured in medium containing 2-

5µg/mL of puromycin (Sigma Aldrich, MO, USA) (MDA-MB-468 2µg/mL, C2C12 

5µg/mL) which was replaced or passaged every 2-3 days, for 10 days.  

To induce FKBP25 knockdown in C2C12 myotubes, myoblasts were treated with 

0.5µg/ml doxycycline in growth medium for 72 hours prior to transition to differentiation 

medium (as per 2.2.1) 
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Table 2.1: SMARTvector components 

Vector component   Description 

5’ LTR 
5 prime long terminal repeat is required for vector 

integration into the host cell genome. 

Ψ (Psi) 
Psi packaging sequence allows the lentiviral genome to 

be packed by exogenous systems. 

RRE Rev response element enhances packaging efficiency. 

TRE3G 

Inducible tetracycline response element which is 

activated by Tet-on 3G in the presence of a Tet/Tet 

derivative (i.e. Doxycycline). 

T GFP/ T RFP 

Turbo green fluorescent protein, or turbo red 

fluorescent protein reporter; visual reporter of Tet-

inducible activation. 

SMARTvector universal 

scaffold 

A proprietary scaffold developed by Dharmacon based 

on microRNA-gene targeting sequences. 

hEF1α 
Human elongation factor-1 alpha constitutive promoter 

required to drive non-Tet regulated vector elements. 

PuroR 
Puromycin resistance gene which allows for selection 

of transfected cells.  

2A 
A self-cleaving peptide chain that enables expression 

of PuroR and Tet-On-3G from RNA pol-2 promoter. 

Tet-On 3G 
Tet-regulated transactivator protein which binds to 

TRE3G in the presence of doxycycline. 

WPRE 
Woodchuck Hepatitis post-transcriptional Regulatory 

Element enhances shRNA expression in target cells. 

3’ SIN LTR 
3 prime Self Inactivating Long Terminal Repeat for 

generation of replication incompetent viral particles. 
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2.2.8 Doxycycline titration of FKBP25 knockdown cell lines 

SMARTvector™ Inducible Lentiviral shRNA (Dharmacon, CO, USA) is a tetracycline 

inducible shRNA system that is more sensitive than previous systems. As such, the 

concentration of doxycycline (Sigma Aldrich, MO, USA) was titrated to ensure the 

minimal dose was used to induce knockdown. After selection, cells were plated at 

approximately 60% confluency in 6 well plates and treated with a range of doxycycline 

concentrations (from 0.1-2µg/mL) for 72 hours to induce maximal shRNA induction. In 

addition to puromycin resistance, SMARTvector contain a red fluorescent protein 

(RFP) reporter that is activated when doxycycline is present (See Fig 2.1 and Tables 

2.1 and 2.2). Fluorescence images were taken to confirm RFP expression using the 

Olympus IX81 fluorescence microscope. 

 

  

Figure 2.1: Elements of the SMARTvector Inducible Lentiviral shRNA vector  
The SMARTvector shRNA vector contains a series of features that enanble safe 

and effective shRNA mediated knockdown utilising TET-on technology. The 

SMARTvector design contains a proprietary ‘universal scaffold’ bsaed on 

microRNA gene targettig sequences.  See Table 2.1 for descriptors. 
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Table 2.1: List of SMARTvector shRNAmir sequences 

Construct Sequence 

V3SH11252-225035425 

(shRNAmir1/Non targeting) 
TTATTAGTGGCTCATTGGT (targets 3'UTR) 

V3SH11252-225145909 

(shRNAmir2) 
TTTCAGTACCCTTAAAACG (targets ORF) 

V3SH11252-226953220 

(shRNAmir3) 
AAACGAATCTGAACCGTGT (targets ORF) 

 

2.3 Expression analysis 

2.3.1 Protein extraction  

Cells were plated in 6 well plates for protein extraction. Plates were placed on ice and 

rinsed with ice cold PBS before lysis with a modified radio-immunoprecipitation 

assay buffer (RIPA buffer -1mM EDTA, 0.5mM EGTA, 10mM Tris-HCl, 140mM 

sodium chloride, 10% sodium deoxycholate, and 1% triton-X 100, containing protease 

and phosphatase inhibitor cocktails (Sigma Aldrich, MO, USA). Plates scraped using 

a cell scraper, lysates were collected and triturated to shear any remaining cellular 

debris. Next, the lysates were centrifuged at maximum speed (13,000 RPM) at 4°C for 

30 minutes. The supernatants were collected and stored at -80°C and the pellets 

discarded.  

2.3.2 Protein quantification 

Cell lysates were quantified using the bicinchoninic acid assay (BCA, Pierce 

Biotechnology, IL, USA) as per manufacturer’s instructions. In brief, a standard curve 

of known protein concentrations was generated by a serial dilution of 2-0.03125mg/ml 

of bovine serum albumin (BSA). Unknown samples were plated in triplicate (in addition 
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to the standard curve samples) in a 96 well plate to which the BCA reagent was added. 

The plates were incubated at 37°C for 30 minutes for colour development. The plates 

were read in the Varioskan Flash plate reader using SkanIt RE software (Thermo 

Fisher, MA, USA) at 562nm. Protein concentrations were established by referencing 

the standard curve.  

2.3.3 Western Blotting - NUPAGE 

Aliquots of protein lysates (10-20µg) were combined with 4x lithium dodecyl sulphate 

(LDS) loading dye (Invitrogen, MO, USA), containing 10% NUPAGE reducing agent 

(Dithiothreitol/DTT, Invitrogen, MO, USA), and denatured at 95°C for 5 minutes. 

Protein samples were loaded into NUPAGE Novex 4-12% Bis-Tris precast gradient 

gels (Invitrogen, MO, USA). Proteins were electrophoresed at 150 volts for 80 minutes 

in NUPAGE 1X MES (2-ethanesulfonic acid) running buffer (Invitrogen, MO, USA). 

Following electrophoretic separation of proteins, the gels were equilibrated in 20% 

ethanol, and transferred onto a polyvinylidene difluoride (PVDF) membrane using the 

iBlot2 dry blotting system (Invitrogen, MO, USA). Dry blotting involved applying 20-25 

volts to the transfer stack for 5-8 minutes. Membranes were blocked in 3% skim milk 

powder (w/v) in tris-buffered saline with 0.1% tween-20 (TBST, pH 7.4) for 60 minutes 

at room temperature with gentle agitation. Primary antibodies were used at appropriate 

dilutions in 3% skim milk/TBST and incubated at 4°C overnight.  

The next day, membranes were washed in TBST for 10 minutes at 240 RPM three 

times to ensure adequate removal of non-specific antibody binding. Next, the 

secondary antibodies were applied in 3% skim milk/TBST (horse radish peroxidase 

conjugated secondary antibodies, Invitrogen), followed by the same washing 

procedure. The membranes were then incubated in SuperSignal™ West Pico PLUS 

enhanced chemiluminescence reagent (ECL, Pierce Biotechnology, IL, USA) for 5 
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minutes to develop luminescence. The membranes were imaged in the Vilber Lourmat 

imaging system (Vilber Lourmat, Germany). Densitometric measurements of the 

protein of interest were quantified using Fusion CAPT Advance software (Vilber 

Lourmat, Germany). Upon analysis of protein expression results were normalised to a 

loading control (beta actin) and expressed as either a proportion of beta actin 

expression or normalised to non-dox treated controls.  

2.3.4 Western blotting – Bio-Rad 

Whole tissue homologues were analysed using 10% SDS PAGE gels poured freshly 

on the day of analysis. Up to 50g of protein was combined with 2x SDS sample buffer 

(20% glycerol; 100mM Tris, pH 6.8; 4% SDS; 0.017% bromophenol blue; 0.25M 

dithiothreitol (DTT)) and boiled at 95°C for 5 minutes to denature proteins and run at 

100V in running buffer (containing: Tris, SDS, glycine). Following electrophoresis, 

proteins were transferred to a PVDF membrane in transfer buffer (containing Tris, 

glycine, and 20% methanol) for 1 hour at 300mV. Blocking, incubation, and washing 

steps are as per section 2.3.3 above. Expression quantification differed to 2.3.3 by 

normalising protein expression to total protein (using Coomassie Brilliant Blue) which 

was also images and quantified Fusion CAPT Advance software (Vilber Lourmat, 

Germany). 

2.3.5 Microtubule polymerisation assay 

The ratio of microtubule to free tubulin was determined using a Microtubule/Tubulin In 

Vivo Assay Biochem Kit (Cytoskeleton, CO, USA). In brief, cells were pre-treated with 

doxycycline to induce FKBP25 knockdown, and played at 80% confluency 24 hours 

prior to the assay. Each sample was treated with 1uM Taxol to induce polymerisation 

of the microtubules (MT) (1 hour at 37°C) as well as untreated control cells. All 
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reagents were warmed t 37°C unless otherwise specified. Cells were washed in PBS 

lysed and collected in 80µl of buffer the lysates were pipetted up and down to ensure 

adequate shearing of cell membranes. Lysates were centrifuged at 1500 RPM for 5 

minutes to pellet large complexes in the lysate. Next, the supernatant from the low-

speed spin was aliquoted into 1ml ultracentrifuge tubes and centrifuged at 100,000 

RPM for 1 hour at 37°C. The supernatant from the ultracentrifugation contained the 

free tubulin fraction, and the pellet contained the polymerised MT fraction. The pelleted 

MTs were resuspended in 80µl of MT stabilisation buffer, and 20µl of 5x SDS buffer. 

15µl of 5x SDS buffer was added to the supernatant. The samples were left to stabilise 

at room temperature for 15 minutes before being subjected to SDS PAGE as per 

section 2.3.3. Membranes were incubated with anti-sheep pan tubulin antibody 

provided by Cytoskeleton. 

2.3.6 Immunofluorescent staining  

Cells were grown on Millicell EZ Slides (Merk Millipore, Germany) or 150µm thick poly-

D-lysine coated glass coverslips (Nue Vitro Corporation, WA, USA), following 

treatment/induction of knockdown. Cells were fixed with 4% paraformaldehyde (PFA) 

at 37°C for 5 minutes, followed by room temperature for 25 minutes. Fixed cells were 

washed 5 times with PBS or PBS with 0.1% tween-20 (PBST). Cells were then 

incubated in blocking and permeabilising buffer (0.2% skim milk powder, 0.1M glycine, 

1% BSA, 0.01% triton-X in PBS) at room temperature for 30 minutes, followed by three 

PBS washes. The primary antibodies were made up in 0.1% BSA/PBST and incubated 

at room temperature for 60 minutes. The fluorophore conjugated secondary antibodies 

were diluted in 0.1% BSA/PBS and incubated for 30 minutes at room temperature 

protected from light. Slides were washed five times in PBS and the nuclei 

counterstained with 1µg/ml 4’6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, MO, 
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USA) for 10 minutes and wash steps were repeated. Finally, slides were mounted with 

a coverslip using Fluoroshield anti-fade mounting media (Sigma Aldrich, MO, USA) 

and dried overnight before imaging with the BX53 Olympus microscope.  

2.4 In vitro functional assays 

2.4.1 Anchorage dependent colonisation assay  

Cells were lifted and resuspended as per section 2.1.1. Cells were resuspended at 

1x103 cells/mL, and 100µL (100 cells) or 500µL (500 cells) and were aliquoted into 

1mL of media per well in a 6 well plate. Cells were left to colonise for 14 days, including 

media change every 2-3 days. Upon collection, plated were rinsed with ice cold PBS 

and fixed with 100% methanol, followed by Diff-Quick staining (Histolabs, Australia), 

and rinsed in distilled water. Plates were dried over night before being scanned and 

analysed using manual counting of visible colonies on ImageJ (NIH; 

http://rsb.info.nih.gov/nih-image/). All values were normalised and expressed as 

proportions of non-dox treated controls 

2.4.2 Matrigel invasion outgrowth assay 

Ice cold Geltrex (Thermo Fisher, MA, USA) was plated into the wells of a 96 well plate 

and allowed to set for 10 minutes at 37°C. Cells were lifted and resuspended at 2x105 

cells/mL as per section 2.1.1. Using the ‘top’ method 5µl of cells was diluted in 200µl 

of growth medium and seeded on top of the base layer. The cells were left to colonise 

for up to 10 days and were imaged regularly at low magnification using IX81 Olympus 

microscope. Upon completion, the colonies were measured (diameter, µm2) using 

Olympus CellSens software (Olympus, Tokyo, Japan).  

http://rsb.info.nih.gov/nih-image/
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2.4.3 Microchemotaxis migration assay 

The Microchemotaxis assay is used to determine the ability of cells to migrate toward 

a chemotactic gradient through a porous membrane (8µm-pore polyvinyl pyrrolidone-

free polycarbonate membranes, Neuro Probe Inc., MD, USA) using the Boyden 

chamber apparatus. Cells were non-enzymatically lifted using PBS/EDTA solution and 

resuspended at 1x106 cells/mL in DMEM containing 0.1% FBS. The lower 

compartments of the chambers were filled with chemo attractants including EGF, 

fibroblast conditioned media, and 10% FBS, as well as a 0.1% BSA background 

control carefully loaded to ensure that no bubbles are introduced. Cells were loaded 

into the top compartment of the Boyden chamber (56µl), the apparatus was then 

incubated at 37°C with 5% CO2 for 6 hours. After incubation, the membrane was 

removed, fixed in 100% methanol, and stained with Diff-Quick (Histolabs, Australia) 

before being mounted on a microscope slide. Cells that remained on the top side of 

the membrane were wiped away before imaging. Cell migration was quantified by 

imaging the slides high powered magnification using the Olympus IX81 microscope 

and migrated cells were manually counted using ImageJ (NIH; 

http://rsb.info.nih.gov/nih-image/).  

2.4.4 Wound healing assay 

C2C12 cells were cultured and lifted as per section 2.1.1 and reseeded on a 6-well 

plate (Corning) at approximately 90% confluence. FKBP25 knockdown cells were 

induced with doxycycline for 72 hours prior to replating and maintained in appropriate 

doxycycline concentration. Cells were left to adhere overnight before being scratched 

with a 200µl pipette tip. The media was replaced with complete medium containing 

5ng/ml Mitomycin C (Sigma Aldrich, MO, USA) to prevent proliferation during wound 

healing. Coordinates were set within the scratch wound using NIS Elements software 

http://rsb.info.nih.gov/nih-image/
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on the Nikon Eclipse Ti-E inverted widefield microscope (Nikon, Tokyo, Japan) to 

image each wound every 15 minutes for up to 24 hours at 4x magnification. The 

images were compiled into a film clip and analysed using NIS Elements software 

(Nikon, Tokyo, Japan) to determine the wound closure time. Wound healing was 

analysed by determining the percentage of wound closure (area in the wound µm2)  in 

20 hours. 

2.4.5 Alamar blue viability assay 

AlamarBlue (resazurin salt) viability assay (Sigma Aldrich, MO, USA) was used to 

measure viable, proliferating cells in a population. Specifically, the AlamarBlue reagent 

is a commercially available product that contains resazurin, a weakly fluorescent blue 

dye. Upon reduction (by NADPH dehydrogenase, a mitochondrial enzyme) resazurin 

changes into a pink coloured and highly fluorescent dye resorufin. As such, increased 

fluorescence indicates increased viability in the sample. 

Cells were grown and lifted as per section 2.1.1 and resuspended at 1x104 cells/mL. 

Cells were seeded at different densities depending on the cell type, i.e. MDA-MB-468 

cells were plated at 2000 cells/well (100µl), and C2C12 cells were plated at 1000 

cells/well (50µl). Each well was filled to contain 200µl of media. Cells were left to 

incubate overnight before Alamar blue dye was added (Alamar blue working solution 

was prepared as a 1:10 dilution in complete medium/DMEM). Once the dye was added 

the plate was shielded from light and stored in the at 37°C with 5% CO2 for two hours. 

After the incubation period the supernatant was transferred to a white opaque 96 well 

plate for fluorometric reading in the Varioskan Flash plate reader using SkanIt RE 

software (Thermo Fisher, MA, USA) at 580-610nM (peak emission is 585nM). The 

cells were replaced with fresh media and placed back into the incubator; this assay 
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was repeated for 5 days. Measured relative fluorescence units (RFU) values were 

plotted for each time point. 

2.4.6 Cell density measurements 

Following alamar blue viability assays, the cells were fixed and stained with Diff-Quick 

stain (Histolabs, Australia) as per 2.4.1. The plates were then left to dry overnight and 

before being scanned for analysis. Mean relative density measurements were read 

using ImageJ (NIH; http://rsb.info.nih.gov/nih-image/) and normalised to non-dox 

treated controls.  

2.5 In vivo muscle hypertrophy and atrophy models  

These in vivo studies were not performed as part of this thesis but were kindly provided 

by the Exercise Metabolism Unit (EMU; Victoria University, Melbourne, Victoria). 

2.5.1 Chronic mechanical loading 

Eight- to ten-week-old female FVB/N mice were subjected to either synergist ablation 

(SA), myotenectomy (MTE), or sham surgery. In short, animals subject to SA surgery 

involved bilateral removal of the soleus and distal half of the gastrocnemius. MTE 

surgery involved removing only the achilles tendon rather than the entire 

gastrocnemius muscle, and the soleus remains intact. Sham surgery involved surgical 

incision in the lower leg which was closed immediately after. Tissues were harvested 

7 and 14 days after surgeries were performed (226, 227).  

2.5.2 Murine muscular dystrophy (mdx) 

Eight-week-old male C57Bl/10ScSn (normal wild-type strain; CON) and C57Bl/10mdx 

(mdx) mice were purchased from Animal Resources Centre (Western Australia, 

http://rsb.info.nih.gov/nih-image/
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Australia). The mice were not subjected to any treatment or procedures. Upon non-

recovery surgery all muscles and organs were harvested for analysis (228). 

2.5.3 Denervation  

Eight-week-old male C57BL/6 male mice were subjected to denervation surgery, this 

involved creating a small incision in the distal knee compartment to expose the 

peroneal nerve which was excised. The wounds were closed, and mice were given 

appropriate recovery periods. Tissues were harvested at 7 and 14 days after surgeries 

were performed (229).  

2.5.4 Food deprivation 

Eight- to ten-week-old female FVB/N mice were deprived of food for a 48-hour period, 

while maintaining ad libitum access to drinking water. Control mice continued ad 

libitum access to both food and water. Following the 48-hour deprivation period the 

mice underwent non-recovery surgery where all tissues were harvested for analysis 

(227). 

2.6 Statistical analysis  

All experiments were performed at least three times using biological replicates. Graph 

Pad Prism was used to analyse all data sets. All experiments pertaining to doxycycline 

inducible cell lines were analysed using a 2-way analysis of variance (ANOVA). While 

treatments and conditions undertaken on parental cell lines were analysed with 

independent T-tests or one-way ANOVA depending on the variables. Throughout the 

studies significance was reported at p≤0.05, and data was presented as mean ± 

standard deviation. 
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2.7 Materials 

 

2.7.1 Plasmids  

Table 2.3: List of plasmids 

 

 

  

Plasmids Source 

pDGM2.4 Open Biosystems, USA 

pMD2.G Addgene, Massachusetts, USA 

pMDLg/pRRE Addgene, Massachusetts, USA 

pRSV Rev Addgene, Massachusetts, USA 

psPAX Open Biosystems, USA 

V3SH11252-225035425 (shRNAmir1/Non 

targeting) 
Dharmacon, Colorado, USA 

V3SH11252-225145909 (shRNAmir2) Dharmacon, Colorado, USA 

V3SH11252-226953220 (shRNAmir3) Dharmacon, Colorado, USA 
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2.7.2 Reagents used for cell culture and in vitro assays 

Table 2.4: List of reagents for cell culture and in vitro assays 

Item Source 

100X Antibiotic/Antimycotic  Gibco Invitrogen, California, USA 

Alamar Blue (Resazurin sodium salt) Sigma-Aldrich, Missouri, USA 

Basic fibroblast growth factor (FGF-2) Peprotech. New Jersey, USA 

Bovine serum albumin (BSA) Sigma-Aldrich, Missouri, USA 

B27 Supplement  Invitrogen, California, USA 

Cholera toxin Sigma-Aldrich, Missouri, USA 

Collagen I Sigma-Aldrich, Missouri, USA 

Diff Quick Dyes 
Fronine Lab Supplies, New South 

Wales, Australia 

Doxycycline Sigma-Aldrich, Missouri, USA 

Dulbecco’s modified Eagle Medium (DMEM) Gibco Invitrogen, California, USA 

Dulbecco’s modified Eagle Medium (DMEM)/ 

Ham’s nutrient mixture F12 (DMEM/F12) 
Gibco Invitrogen, California, USA 

Epidermal growth factor (EGF) BD Biosciences, California, USA 

Foetal bovine serum (FBS) 
Thermo Scientific, California, 

USA 

Geltrex™ Basement Membrane Matrix 
Thermo Scientific, California, 

USA 

Glutamax Gibco Invitrogen, California, USA 

HEPES Gibco Invitrogen, California, USA 

Horse serum (HS) Gibco Invitrogen, California, USA 
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HyClone AdvanceSTEM cell culture media 
GE Healthcare Biosciences, 

Pennsylvania, USA 

Hygromycin B Sigma-Aldrich, Missouri, USA 

Hydrocortisone Sigma-Aldrich, Missouri, USA 

Insulin from Bovine pancreas Sigma-Aldrich, Missouri, USA 

Insulin, transferrin, selenium (ITS, 100X) Gibco Invitrogen, California, USA 

Lipofectamine LTX PLUS Invitrogen, California, USA 

LY294002  Sigma-Aldrich, Missouri, USA 

Methanol Sigma-Aldrich, Missouri, USA 

Methylcellulose Sigma-Aldrich, Missouri, USA 

Mitomycin C Sigma-Aldrich, Missouri, USA 

PD- 325901 Sigma-Aldrich, Missouri, USA 

Polybrene (hexadimethrine bromide) Sigma-Aldrich, Missouri, USA 

Puromycin Sigma-Aldrich, Missouri, USA 

Rapamycin  Sigma-Aldrich, Missouri, USA 

Roswell Park Memorial Insitute (RPMI) medium Gibco Invitrogen, California, USA 

Terg-a-Zyme 
Alconox Inc., New York, USA 

 

TrypLE Express (stable trypsin replacement) Gibco Invitrogen, California, USA 
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2.7.3 Reagents for expression analysis 

Table 2.5: List of reagents for protein expression analysis 

Item Supplier 

10x Reducing agent (500 mM dithiothreitol 

(DTT) 
Invitrogen, California, USA 

4′,6-diamidino-2-phenylindole (DAPI) Invitrogen, California, USA 

4x Loading buffer Invitrogen, California, USA 

Antioxidant reagent  Invitrogen, California, USA 

Coomassie Brilliant blue R-250 Bio-Rad, California, USA 

iBlot PVDF Transfer stacks (Midi and Mini 

size) 
Invitrogen, California, USA 

MES running buffer Invitrogen, California, USA 

Novex Sharp pre stained protein standard Invitrogen, California, USA 

NUPAGE 10, 12, 15, 20 well gels (Bis-Tris 4-

20%) 
Invitrogen, California, USA 

Phosphatase inhibitor Sigma-Aldrich, Missouri, USA 

Protease inhibitor Sigma-Aldrich, Missouri, USA 

Restore plus stripping buffer Invitrogen, California, USA 

Skim milk powder Diploma, Victoria, Australia 

Triton-X 100 Sigma-Aldrich, Missouri, USA 

Tween-20 Sigma-Aldrich, Missouri, USA 

 

  



67 
 

2.7.4 General reagents 

Table 2.6: List of general reagents 

Item Supplier 

Acetic acid Sigma-Aldrich, Missouri, USA 

Ampicillin Sigma-Aldrich, Missouri, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Missouri, USA 

Disodium phosphate (Na2HPO4) Sigma-Aldrich, Missouri, USA 

Ethanol Merck, New Jersey, USA  

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, Missouri, USA 

Ethylene glycol-bis (β-aminoethyl ether) tetra 

acetic acid (EGTA) 
Sigma-Aldrich, Missouri, USA 

Glycerol Sigma-Aldrich, Missouri, USA 

Glycine Sigma-Aldrich, Missouri, USA 

Hydrochloric acid (HCl) Sigma-Aldrich, Missouri, USA 

Isopropanol  Sigma-Aldrich, Missouri, USA 

Luria Broth Sigma-Aldrich, Missouri, USA 

Potassium chloride (KCl) Sigma-Aldrich, Missouri, USA 

Potassium dihydrogen phosphate (KH2PO4) Sigma-Aldrich, Missouri, USA 

Sodium chloride (NaCl) Sigma-Aldrich, Missouri, USA 

Sodium deoxycholate  Sigma-Aldrich, Missouri, USA 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich, Missouri, USA 

Tris hydrochloride  Sigma-Aldrich, Missouri, USA 
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2.7.5 Commercial kits 

Table 2.7: List of commercial kits 

Item Supplier 

BCA protein assay kit 
Pierce Biotechnology, Illinois, 

USA 

Microtubule/Tubulin In Vivo Assay Biochem Kit Cytoskeleton, Colorado, USA 

PureLink™ HiPure Plasmid Midiprep Kit Invitrogen, California, USA 

SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate 

Pierce Biotechnology, Illinois, 

USA 
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2.7.6 Primary antibodies 

Table 2.8: List of primary antibodies 

Item Catalogue Number Supplier 

Alpha Tubulin SC-8035 
Santa Cruz Biotech., 

Texas, USA 

Acetylated tubulin 32-2700 Invitrogen, California, USA 

Akt (Total) 4691 
Cell Signalling, 

Massachusetts, USA 

Akt (Ph Ser473) 4060 
Cell Signalling, 

Massachusetts, USA 

Akt (Ph Thr308) 13038 
Cell Signalling, 

Massachusetts, USA 

Beta actin 4970 
Cell Signalling, 

Massachusetts, USA 

Cyclin D1 2926 
Cell Signalling, 

Massachusetts, USA 

Detyrosinated alpha tubulin ab48389 Abcam, Cambridge, UK 

E Cadherin 3195 
Cell Signalling, 

Massachusetts, USA 

Fast myosin heavy chain  ab51263 Abcam, Cambridge, UK 

FKBP25 (WB) MAB3955 
R&D systems, Minnesota, 

 USA 

FKBP25 (IF) ab16654 Abcam, Cambridge, UK 

Erk 1/2 (Total) 9102 
Cell Signalling, 

Massachusetts, USA 

Erk 1/2 (Ph Thr202/Tyr204) 9101 
Cell Signalling, 

Massachusetts, USA 

MyoD 1 ab16148 
Cell Signalling, 

Massachusetts, USA 
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Myogenin ab124800 
Abcam, Cambridge, 

 UK 

MDM2 ab16895 Abcam, Cambridge, UK 

p21 CIP1/WAF1 2947 
Cell Signalling, 

Massachusetts, USA 

Pan Tubulin  ATN02 
Cytoskeleton, Colorado, 

USA 

p70-S6 Kinase (Total) 2708 
Cell Signalling, 

Massachusetts, USA 

p70-S6 Kinase (Ph Thr389) 9234 
Cell Signalling, 

Massachusetts, USA 

p53 2324 
Cell Signalling, 

Massachusetts, USA 

Stathmin 3352 
Cell Signalling, 

Massachusetts, USA 

Vimentin 5741 
Cell Signalling, 

Massachusetts, USA 
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2.7.7 Secondary antibodies 

Table 2.9: List of secondary antibodies 

Item Catalogue Number Supplier 

Anti-sheep HRP conjugated 

secondary antibody 
GL21 

Cytoskeleton, Colorado, 

USA 

Goat anti-Mouse IgG (H+L) 

Secondary Antibody, HRP 

conjugated 

31430 
Invitrogen, California, 

USA 

Goat anti-Rabbit IgG (H+L) 

Secondary Antibody, HRP 

conjugated 

31460 
Invitrogen, California, 

USA 

Goat anti-Rat IgG (H+L) 

Secondary Antibody, HRP 

conjugated 

PI-9400  
Vector Laboratories, 

California, USA 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Alexa Fluor 488 

conjugate 

A-11017 
Invitrogen, California, 

USA 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Alexa Fluor 594 

conjugate 

A-11005 
Invitrogen, California, 

USA 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Alexa Fluor 488 

conjugate 

A-11070 
Invitrogen, California, 

USA 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Alexa Fluor 594 

conjugate 

A-11012 
Invitrogen, California, 

USA 
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Chapter 3: Investigating the role of FKBP25 in in 
vitro models of breast cancer de-differentiation 

3.1 Introduction 

3.1.1 Breast cancer 

Cancer is one of the leading causes of death in the developed world. In Australia, it is 

estimated that 1 in 2 people will develop cancer in their lifetime (230). In 2021, it is 

projected that breast cancer will be the most commonly diagnosed cancer according 

to statistics from the World Health Organisation (231). Worldwide in 2020 alone, breast 

cancer was the most frequently diagnosed cancer. Breast cancers arise from different 

types of cells that can be categorised into three broad subtypes, including luminal, 

human epidermal growth factor receptor 2 (HER2) positive, and triple negative (See 

Table 3.1). 

Luminal breast cancer cells express the oestrogen and/or progesterone receptor, 

while HER2+ express the HER2 receptor in addition to, or in the absence of, ER and 

PR. In contrast to these cancer types, the triple negative cells do not express any of 

these receptors. Luminal breast cancers tend to remain as a differentiated tissue, 

proliferate at a slower pace, and maintain an epithelial phenotype (232). HER2+  

breast cancers are increasingly proliferative and begin to lose differentiation of their 

original cell type (233). Luminal and HER2+  subtypes require hormone stimulation to 

initiate proliferation, however, triple negative breast cancer cells do not require this 

stimulation (234). The presence of growth factor receptors and hormone receptors on 

the surface of cancer cells enables magnified growth and proliferation signalling. This 

forces cells to proliferate, even in circumstances when they would not usually, 
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including environmental stresses, such as nutrient or oxygen deprivation. These 

adaptations allow cells that would usually not survive to thrive. 

Table 3.1 Breast cancer molecular subtypes 

Subtype Luminal HER2 + Triple negative 

Molecular 
Features 

• ER or PR positive 

• HER2 negative 

• ER and/or PR 

positive 

• HER2 positive 

• ER and PR 

negative 

• HER2 negative 

Morphology 
• Round 

• Epithelial 

• Dependent on 

molecular signature 

• Can be more or 

less mesenchymal 

• Polar 

• Spindle shaped 

Response 
to treatment 

• Responsive to 

chemotherapy 

• Responsive to 

monoclonal 

antibody therapy 

• Somewhat 

responsive to 

chemotherapy 

• Responsive to 

monoclonal 

antibody therapy 

• Least 

responsive to 

chemotherapy 

• Limited 

therapies 

available 
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3.1.2 Cancer cells and the cell cycle 

As the cancer cells rapidly proliferate which leads to an accumulation of mutations in 

the regulators of cell cycle progression, and cell cycle checkpoints can become 

dysregulated and ultimately skipped. This leads to a feed forward loop contributing to 

excessive proliferation. Proto-oncogenes and tumour suppressor genes are 

commonly mutated in  (See Figure 3.1). Proto-oncogenes are genes that are involved 

in promotion of proliferation signals (236). Mutation to these proto-oncogenes  (now 

called an oncogene) results in the production of mutant proteins that allow cells to 

rapidly proliferate. Common examples of oncogenes are receptor tyrosine kinases 

(RTK, e.g., epidermal growth factor receptor/EGFR), regulatory GTPases (Ras), and 

transcription factors (Myc) (237, 238). Conversely, tumour suppressor genes (TSGs) 

Figure 3.1: The functions of oncogenes and tumour suppressor genes in cell 
proliferation  

Oncogenes and tumour suppressor genes are involved in the progression of 

cancer by increasing growth signalling and decreasing anti-growth signalling, 

respectively. In combination these functions result in increased proliferation, 

genomic mutations, and cell cycle irregularities (specifically lack of removal of 

abnormal cells) and decreased/defective DNA repair. Made with Biorender.com. 
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are involved in producing anti-growth signals. Proteins that are encoded by TSGs are 

responsible for regulation of the cell cycle, detecting genomic mutations, and induction 

of apoptosis of mutant cells (239). Thus, mutations to TSG cause loss of function and 

subsequent continuation of growth signalling to cells that would, under normal 

circumstances, be removed from the cell cycle (239). The most commonly mutated 

TSG is p53, which is mutated in ~50% of human cancers (214). p53 is transcription 

factor that is responsible for activation of DNA repair and removal of cells containing 

mutant DNA from the cell cycle through the induction of cyclin dependant kinase 

inhibitor, p21 (240). Similarly, in the case of breast cancer, a TSG known as Breast 

cancer type 1 (BRCA1) encodes a DNA repair enzyme that is frequently mutated and 

is utilised as a predictive marker of familial breast cancer susceptibility (241-243). 

Triple negative breast cancer has a strong association with both BRCA1 and p53 

mutations that, in turn, results in aggressive, heterogenous disease (244). As such, 

triple negative breast cancer cells can proliferate freely, readily de-differentiate and 

become increasingly mesenchymal. 
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3.1.3 Epithelial to mesenchymal transition  

The transition of breast cancer cells from epithelial to mesenchymal (epithelial to 

mesenchymal transition, EMT; See Fig 3.2) is an essential process that is required for 

progression to metastatic disease (235, 236). Importantly, to effectively treat these 

aggressive cancers,  first the molecular mechanisms that enable cells to survive must 

be understood. In our preliminary studies (to be discussed in this chapter), it was 

identified that FK506 binding protein 25 (FKBP25) is lost in dedifferentiated 

mesenchymal type cells. Previous studies have described the role of FKBP25 in 

proliferation, tubulin dynamics, DNA double stranded break repair, and p53 regulation, 

all of which are essential processes involved in cancer progression (109, 119, 237). 

The role of FKBP25 in cancer progression and epithelial to mesenchymal transition, 

however, is yet to be examined prior to this thesis.  

Figure 3.2: Epithelial to mesenchymal transition (EMT) 

EMT refers to the process of epithelial cells lose their polarity and gain migratory 

and invasive characteristics. EMT is seen in cancer metastasis, tissue fibrosis, and 

wound healing. Epithelial phenotype markers include E cadherin, ZO-1, and 

occludin. These molecules are tight junction molecules that anchor epithelial cells 

together. Mesenchymal phenotype markers include vimentin, Snail, Slug, and N-

cadherin. Vimentin and N cadherin are structural molecules that are advantageous 

to the mesenchymal phenotype. Snail and Slug are mesenchymal transcription 

factors that impair epithelial-associated gene expression (i.e. E cadherin). Made 

with Biorender.com. 
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3.1.4 Molecular features of EMT in breast cancer 

Within a solid tumour, the cells are able to maintain epithelial characteristics including, 

polarity, cell to cell adhesions, and adhesion to a basement membrane (238). 

Conversely, mesenchymal cells lose these features and gain invasive and migratory 

abilities (238). EMT requires a plethora of mutations and molecular alterations to 

maintain and induce a mesenchymal phenotype. Upon induction of the EMT program, 

mesenchymal zinc finger transcription factors, including SNAI1 (Snail), SNAI2 (Slug), 

ZEB1, and  ZEB2 are transcribed to facilitate a more mesenchymal phenotype. These 

EMT transcription factors have been demonstrated to repress E cadherin expression, 

an essential epithelial cell adhesion molecule (239, 240). Cadherins are a family of 

calcium-dependent adhesion molecules (CAMs) that form adherens junctions 

between cells, which are required to maintain epithelial cell structure, function, and 

importantly, cell polarity. E-cadherin is a transmembrane protein that is bound to 

catenin molecules on its cytoplasmic domain. Catenin molecules act as an anchor 

between cadherins and the actin cytoskeleton and are involved in stimulation of the 

Wnt signalling pathway (241). Wnt signalling is associated with tissue regeneration, 

cell polarity and intracellular calcium handling (242-244). The loss of E cadherin is a 

vital event in the EMT program. For example, suppressed E cadherin expression can 

result in disrupted cell-cell adhesion and distorted Wnt signalling. Common cancer 

associated effects of Wnt signalling include, rapid cell division and the onset of cell 

migration, which intimately links Wnt signalling with the onset of metastasis. 

Additionally, the EMT transcription factor, Snail, has also been shown to facilitate 

expression of mesenchymal proteins including, vimentin, an intermediate filament that 

is expressed in mesenchymal cells (245). Vimentin is an important marker of the 

transition of cells from epithelial to mesenchymal phenotype. While vimentin 
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expression is commonly used to identify mesenchymal tissue in cancers, the function 

of vimentin in the progression of cancer is poorly understood. However, there is some 

literature that suggests that vimentin is associated with increased migration capacity 

and facilitation of mutant H-Ras signalling events (246, 247). Upon activation of these 

pathways the transitioned cells begin to exhibit mesenchymal characteristics which 

are, in fact, similar to the features of developmental and precursor tissue/cells.  

3.1.5 Features of metastatic breast cancer cells  

An important feature of mesenchymal cells is their ability to metastasise from a primary 

site to a secondary site and colonise a secondary tumour (248). Breast cancer cells 

undergo rigorous selection that enables their survival though the process of 

metastasis. Adequate transition from epithelial to mesenchymal phenotype is the most 

prominent factor influencing metastatic success (249). An important feature of 

metastatic mesenchymal cancer cells is their ability to migrate and invade. Konen et 

al., described a profile for successful metastatic cells which they have termed “leader 

cells” (250). This profile depicts leader cells as cells that have an increased capacity 

for focal adhesion-kinase signalling which forges a pathway for the rest of the 

metastatic population termed “follower cells” (250). Follower cells are depicted as cells 

that trail behind the leader cells that drive invasion, and importantly, are the cells that 

propagate at a secondary site (250). It is essential that basal/differentiated cancer cells 

are able to switch on  EMT-related gene expression to promote their survival as an 

invasive and de-differentiated phenotype (251). It has been described that in vitro, 

invasive leader cells can be further characterised by their ability to express basal 

markers, including cytokeratin-14, p63, P-cadherin, and cytokeratin-5 (251). 

Interestingly, leader cells were also demonstrated not to express Twist, Slug, or 

vimentin, which are classically associated with EMT (251). The ability of these cells to 
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maintain expression of basal markers enables them to switch from a mesenchymal 

phenotype back to an epithelial-like phenotype to colonise at a secondary site, 

suggesting a only a partial EMT  (252). These partially committed mesenchymal cells 

follow leader cells in regard to migration and invasion, however, can become fully de-

differentiated into a mesenchymal cell by environmental factors such as stress or 

hypoxia (253).  Alternatively, phenotypic stability factors (PSFs) are involved in 

maintaining an intermediate phenotype between epithelial-like and mesenchymal. 

Notable PSFs include OVOL, NRF2, GRHL2, NUMB, and NFAT ((254-258) See Table 

3.2). These PSFs, respectively, have been shown to impair complete EMT, such that 

knockdown of these proteins in vitro has been demonstrated to impair EMT 

behaviours, such as collective migration (255, 257). These features of EMT can be 

exploited to develop novel therapeutics that can prevent complete mesenchymal 

transition. As such, it is vital that facilitators and inhibitors of EMT are identified to 

develop appropriate interventions. 

Considering the proposed roles  of other FKBP molecules (including FKBP51 and 

FKBP52) in the pathogenesis of cancers and promotion of EMT, it is plausible that  

FKBP25 may  also be involved in these processes. Although, to date, there has been 

limited studies that examine a biological role of FKBP25, especially in a cancer setting. 

However, these studies have given valuable insight to the molecular interactions and 

potential pathways that could contribute to cancer related de-differentiation.   
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Table 3.1: Functions of phenotypic stability factors (PSFs) 

PSF Function 

OVOL1/2 OVOL inhibits transcription of Zeb1 protein. 

NRF2 
NRF2 inhibits Snail activation, which consequently prevents E cadherin 

and Zeb1 degradation. 

GRHL2 GRLH2 induces E cadherin expression and inhibits Zeb1. 

NUMB2 
NUMB2 inhibits Notch signalling (i.e. Notch receptor, Delta, Jagged, 

Notch intra-cellular domain). 

NFAT NFAT activation promotes E cadherin expression. 
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3.1.6 Chapter Aims: 

In the first chapter of this thesis, the aims are to investigate the role of FKBP25 in a 

variety of breast cancer EMT and de-differentiation models. 

1. To investigate the expression of FKBP25 in breast cancer subtypes 

2. To examine the impact of FKBP25 expression upon induction of oncogenic 

mutations. 

3. To determine the effects of epidermal growth factor mediated EMT on FKBP25 

expression.  

4. To determine the signalling pathways that influence FKBP25 protein 

expression. 
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3.2 Results 

3.2.1 FKBP25 expression remains elevated in luminal and basal breast 

cancer cell subtypes and is reduced in mesenchymal subtypes. 

To examine the expression of FKBP25 throughout breast cancer progression, a panel 

of different breast cancer cells and subtypes were assessed. These subtypes ranged 

from epithelial-like luminal cells (T47D, Fig 3.3 A i), triple negative basal cells (MDA-

MB-468, Fig 3.3 A ii), and triple negative mesenchymal cells (BT 549, HS578T and 

MDA-MB-231 pictured in Fig. 3.3 A iii). It was found that these cell lines displayed 

differential expression patterns, in which the mesenchymal subtype had significantly 

reduced FKBP25 expression compared to the luminal subtype (Fig 3.3 B and C). To 

further examine the differential expression of FKBP25, localisation immunofluorescent 

staining was performed. Here it was identified that in normal mammary epithelium 

(MCF10A cells, Fig 3.4 A) FKBP25 is evenly dispersed throughout the cytoplasmic 

and nuclear compartments, a  pattern  also seen in T47D and MDA-MB-468 cells (Fig 

3.4 B and C, respectively), while MDA-MB-231 cells showed less staining in the 

nuclear compartment (Fig 3.4 D). This reduction in protein dispersion in the cell may 

be accounted for by the reduction in overall expression in mesenchymal cell types. 

The reduction in FKBP25 protein expression described in Figure 3.3 was not observed 

in immunofluorescent staining as these experiments were undertaken to localise 

FKBP25 rather than quantify protein expression.  
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Figure 3.3: FKBP25 expression across a panel of breast cancer cells 

A) Morphology of breast cancer cell lines, including luminal (T47D) and triple 

negative subtypes basal (MDA-MB-468) and mesenchymal (MDA-MB-231). B) 
FKBP25 is highly expressed in epithelial-like cell lines T47D and MDA-MB-468, 

compared to that of mesenchymal cell lines. C) Representative blot of FKBP25. 

Scale bar = 100µm. Data presented as mean ± SD of n=3, * = p≤0.05   
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Figure 3.4: Localisation of FKBP25 in breast cancer cell subtypes 

FKBP25 is located in the cytoplasm of immortalised mammary epithelial cells (A) 
MCF10A, Luminal cell line (B) T47D, basal cell line (C) MDA-MB-468, and 

mesenchymal cell lines (D) MDA-MB-231 and (E) HS578t. Images taken at X60 

magnification, scale bar = 10µm. N=3 
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3.2.2 FKBP25 expression is increased upon oncogenic transformations 

of Ras and p53 but is reduced in metastatic clones of MDA-MB-231 cell 

line. 

Next, it was assessed how oncogenic transformations alter FKBP25 expression in 

mammary epithelial cell line, MCF10A. The first mutations to be assessed were two 

common p53 mutations, WT knockdown (shown as Mir 4, with mCherry expression 

vector control) and a gain of function mutation (shown as p53R273H, with GFP 

expression vector control). This R273H p53 mutation is described as dominant 

negative i.e.  this mutation will override WT p53 function to facilitate an invasive and 

migratory phenotype (259). While these mutations result in changes to in vitro cell 

behaviours (260), there are no notable morphological changes to the MCF10A cells 

when grown in a 2D culture (Fig 3.5 A). In response to these p53 mutations, it was 

found that there is an additive increase in FKBP25 expression upon WT p53 knock 

down and p53R273H expression (Fig 3.5 B). Additionally, in response to these p53 

mutations, there are reductions in both MDM2 and p21, the repressor and product of 

WT p53 activation compared to WT control (mCherry/GFP, Fig 3.5 C). The second 

mutation that was assessed was RasV12, a constitutively active mutation resulting in 

hyper activation of the Ras signalling cascade (261). In MCF10A cells, the RasV12 

mutation resulted in an altered morphology in which the cell’s characteristic cobble 

stone appearance is lost and adopts a spindle-like morphology (Fig 3.6 A). Similar  to 

the p53 model, there was an increase in FKBP25 expression upon RasV12 mutation 

(Fig 3.6 B and C).  

While these single mutations are not representative of a complete oncogenic 

transformation and dedifferentiation, they are able to give some insight to the biological 
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role of FKBP25 in the associated signalling pathways (i.e. Ras and p53 signalling).To 

further elucidate the impact of dedifferentiation on FKBP25, the next model to be 

examined were clones of the parental MDA-MB-231 cell line, referred to as clones #16 

and #17. Upon preparation of these clones, cells were transfected with ectopic matrix 

metalloproteinase 2 (MMP-2), an enzyme that is required to degrade the extracellular 

matrix, which is required to allow malignant cells to evade their site of origin (262). 

Single clones were selected and propagated, which resulted in populations of cells 

which exhibited vastly different behaviours. While both clones over expressed MMP-

2, it was found that they had substantial morphological and behavioural differences. It 

was found that clone #16 was more migratory and invasive with increased propensity 

to metastasise to bone in vivo, while #17 is highly proliferative but not invasive 

(Unpublished Price lab data). The morphology of these cells was observed to be 

slightly different, whereby #16 cells are long, and spindle shaped, and #17 cells tended 

to be more rounded and shorter (Fig 3.7 A). While clone #17 was highly proliferative 

it  lacked the migratory and invasive capacity of clone #16 Interestingly, FKP25 was 

found to be increased in the proliferative non-invasive #17 clone compared to invasive 

#16 (Fig 3.7 B and C).These findings support the initial hypothesis that loss of 

FKBP25 expression is associated with a mesenchymal phenotype (#16), while greater 

FKBP25 expression is associated with a differentiated, more epithelial-like phenotype 

(#17).  
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Figure 3.5: Expression of FKBP25 in p53 mutant mammary epithelial cell 
line 

A) Morphology of  MCF10A cells containing one or both of p53 R237H mutation 

(with control mCherry), and wild type (WT) p53 knockdown (Mir 4, with GFP 

control). B) FKBP25 expression is increased with both p53 mutant and WT 

knockdown compared to mCherry/GFP control. C) Representative blot. Scale bar 

= 100µm. Data presented as mean ± SD of n=3, * = p≤0.05   
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Figure 3.6: Expression of FKP25 in Ras transformed mammary epithelial cell 
line 

A) Morphology of MCF10A GFP (immortalised breast epithelium) and MCF10A 

RasV12 (breast epithelium transformed with constitutively active Ras mutation).B) 
MCF10A GFP, a cell line with epithelial morphology expresses lower levels of 

FKBP25, compared to MCF10A Rasv12 which is mesenchymal. C) Representative 

blot of FKBP25 expression. Scale bar = 100µm. Data presented as mean ± SD of 

n=3, * = p≤0.05  
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Figure 3.7: FKBP25 expression in invasive (#16) and non-invasive (#17) 
MDA-MB-231 clones 
A) Morphology of MDA-MB-231 clones i) #16, a highly invasive clone, and ii) #17, 

a proliferative, non-invasive clone. B) FKBP25 expression is reduced in the 

invasive clone #16 compared to non-invasive #17. C) Representative blot of 

FKBP25 expression. Scale bar = 100µm. Data presented as mean ± SD of n=3, 

* = p≤0.05   
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3.2.3 FKBP25 expression is decreased upon epidermal growth factor-

mediated epithelial to mesenchymal transition (EMT) in MDA-MB-468 

breast cancer cell line. 

To examine the impact of EMT on FKBP25 expression, next an  EGF-mediated EMT 

model in MDA-MB-468 cells was assessed. The MDA-MB-468 breast cancer cell line 

is known to over express the EGF receptor, which is characteristic of triple negative 

breast cancer cell lines (263, 264). It is a well-established method to induce EMT in 

MDA-MB-468 cells by stimulating them with EGF over a period of time (265-269). 

Upon induction of EMT, cells begin to express mesenchymal markers including, 

intermediate filament, vimentin, and transcription factors including, snail and slug 

(270).  

Additionally, cells that have undergone EMT will display a reduction in epithelial 

markers, including that of E cadherin (271). Upon 72-hour stimulation with 50ng/ml of 

recombinant EGF, a clear morphological change was observed in the epithelial-like 

basal MDA-MB-468 cells (Fig 3.8 A i) to a spindle shaped mesenchymal morphology 

(Fig 3.8 A ii). In addition, it was observed that upon E cadherin staining there was a 

reduction and shift in localisation away from the cell periphery (Fig 3.8 B i and ii), 

where  E cadherin normally functions as a cell adhesion molecule. Furthermore, it was 

demonstrated by immunoblot that there was a significant reduction in E cadherin and 

an increase in vimentin expression (Fig 3.9 A, B and D). Importantly. EGF-induced 

EMT was also associated with a reduction in FKBP25 (Fig 3.9 C and D). These data 

suggest that, as breast cancer cells undergo EMT, and become more dedifferentiated, 

there is a parallel loss of FKBP25 expression. To establish the mechanism by which 

this reduction of FKBP25 occurs, next examined EGF stimulated MDA-MB-468 cells 
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treated with a series of small molecule inhibitors, including LY294002 (25µM; PI3K 

inhibitor), PD325901 (100nM; Mek inhibitor), and rapamycin (50nM; mTOR inhibitor). 

Cells were plated and pre-treated with 50ng/ml of EGF as per previous EMT 

experiments (See Fig 3.8 and 3.9), followed by a 24-hour treatment with respective 

inhibitors. It was observed that while FKBP25 reduction was achieved upon EGF 

treatment, there were no changes to FKBP25 protein expression in response to 

inhibitor treatment (Fig 3.10 A). Upon examination of inhibitor pathways, it was 

determined that LY294002 did not alter the ratio of total Akt to phosphorylated Akt (Fig 

3.10 B). However, it was able to reduce total Akt protein (See blot Fig 3.10 E). 

PD325901 treatment was not found to impair Erk phosphorylation in an unstimulated 

state, however, upon EGF stimulation Erk phosphorylation is blunted (Fig 3.10 C). 

Finally, p70s6K phosphorylation was demonstrated to be reduced by both LY294002 

and rapamycin (Fig 3.10 D). Considering LY294002 should inhibit Akt, and thus 

indirectly inhibit mTOR mediated phosphorylation of p70s6K, this reduction was 

anticipated. Together, this data suggests that none of these pathways are involved in 

the EGF-mediated reduction in FKBP25 protein expression.  
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Figure 3.8: Epidermal Growth factor (EGF) mediated epithelial to 
mesenchymal transition (EMT) in MDA-MB-468 breast cancer cells 

A) Morphological changes of MDA-MB-468 cells (i) control or treated with (ii) 

50ng/ml EGF displaying loss of round epithelial shape and shifting to an 

elongated spindle shape. B) Immunofluorescence of MDA-MB-468 cells (i) 

control or treated with (ii) 50ng/ml EGF stained with E cadherin and DAPI. 

Treated cells show loss of membrane bound E cadherin and redistribution to the 

cytoplasm. Top scale bars = 100µm, Bottom scale bars = 20µm. Data presented 

as mean ± SD of n=3, * = p≤0.05  
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Figure 3.9: Epidermal growth factor (EGF) mediated epithelial to 
mesenchymal transition in MDA-MB-468 breast cancer cells 
Upon treatment with 50ng/ml EGF MDA-MB-468 cells express reduced levels of 

A) E cadherin, and B) vimentin, and results in reduced levels of C) FKBP25. 

D) Representative blots. Data presented as mean ± SD of n=3, * = p≤0.05 
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Figure 3.10: The EGF-mediated reduction of FKBP25 protein in MDA-MB-468 
is not altered with small molecule inhibitor treatment 
MDA-MB-468 cells were treated for 24 hours with one of, DMSO vehicle (0.001% 

(v/v)), LY294002 (PI3K inhibitor, at 25µM), PD325901 (Mek inhibitor, at 100nM), or 

rapamycin (mTOR inhibitor, at 50nM) in the presence or absence of EGF. All data 

is presented as a phosphorylated to total protein ratio, normalised to vehicle 

expression. A) FKBP25 protein expression was reduced upon EGF treatment. B) 
Phosphorylation of AktThr308 was unaltered upon drug treatments. C) 
Phosphorylation of ErkThr202/Tyr204 was unaltered with drug treatment. D) 
Phosphorylation of p70s6KThr389 was reduced with both LY294002 and Rapamycin. 

E) Representative blots. All data is presented as mean±SD, n=3, *=p≤0.05. 
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3.3 Discussion 

3.3.1 FKBP25 expression remains elevated in luminal and basal breast 

cancer cell subtypes and is reduced in mesenchymal subtypes. 

In this study, we have examined breast cancer cells from both the luminal (T47D) and 

triple negative subtypes (MDA-MB-468, HS578t, BT549, and MDA-MB-231). Triple 

negative breast cancer cells can be further subdivided into two subtypes, basal and 

claudin-low. Basal-like breast cancer cells maintain more epithelial features, such as 

cytokeratin filaments, which enable them to remain anchored within the tissue and 

maintain epithelial morphology (248). Claudin-low cells are highly mesenchymal and 

do not express tight junction adhesion molecules (such as claudin) which enables 

them to migrate and metastasise easily (272). Our studies have revealed an 

expression pattern in which FKBP25 is expressed highly in breast cancer cells with a 

more epithelial phenotype, i.e., luminal, and basal cell types, compared to those with 

a mesenchymal phenotype i.e., claudin low (Fig 3.2), suggesting that the loss of 

FKBP25 expression may be beneficial for the mesenchymal phenotype of breast 

cancer cells.  

Current literature suggests that FKBP25 is required for the formation and stability of 

both the meiotic and mitotic spindles (109, 121). It has also been demonstrated that 

FKBP25 is a microtubule stabiliser, playing an essential role in forming the mitotic 

spindle and that the loss of FKBP25 resulted in dysregulated cell division (273). 

However, this mechanism has not been examined in the context of cancer cells, 

specifically that of mesenchymal breast cancer cells. It is well documented that the 

acquisition of genomic instability and mutations is a classic hallmark of cancer (129), 

and some findings suggest that decreased microtubule stability is a hallmark of EMT, 
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being beneficial for cell migration and polarity (274). This appears to be contradicted 

in #17 clones, which express significantly higher levels of FKBP25 compared to #16 

clones. However, typical MDA-MB-231 cells were demonstrated to express low levels 

of FKBP25 (Fig 3.3), similar to #16 clones. Considering #17 clones display less 

invasive behaviours, which may be comparable to MDA-MB-468 cells, which were 

shown to express high levels of FKBP25. Thus, this data supports the hypothesis that 

FKBP25 is highly expressed in breast cancer cell lines with an epithelial-like 

phenotype.  

To further examine the involvement of FKBP25 in breast cancer cells, the localisation 

of FKBP25 was examined in a variety of cell lines.. Under normal conditions it was 

found that, in MCF10A, T47D, MDA-MB-468, and MDA-MB-231 cells, FKBP25 is 

located in both the cytoplasm and nucleus of the cells (Fig 3.3). Current literature has 

shown that FKBP25 is able to be shuttled between the nucleus and cytoplasm which 

is mediated by the N-terminal PPIase domain upon exposure to stress (113). This 

suggests that the ubiquitous localisation of FKBP25 throughout the cells describes a 

basal amount of stress in these breast cancer cells. It is also known that FKBP25 has 

several functions in the cytoplasm, including interaction with the pre-60S ribosome 

(110), microtubule stabilisation (109), and interactions with double stranded RNA 

(dsDNA; structure is transfer RNA, ribosomal RNA, and microRNA (275)) (112). 

Further studies on these multifaceted roles of FKBP25 are required to fully elucidate 

the role of FKBP25 in the mesenchymal phenotype. 
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3.3.2 FKBP25 expression is increased upon oncogenic transformation of 

Ras and p53 but is reduced in metastatic clones of MDA-MB-231 cell 

line. 

To begin the characterisation of FKBP25 in oncogenic transformation the MCF10A 

immortalised mammary epithelial cell line with constitutively expressed mutant p53, or 

wild type (WT) knockdown was examined (Fig 3.6). The p53R237H mutant, is a gain of 

function mutation which causes increased proliferation, migration, and invasion 

abilities in numerous cell lines (276). Upon knockdown of WT p53, there is an increase 

in FKBP25 protein expression. While the expression of the mutant p53R237H had little 

effect of FKBP25, the dual expression of mutant p53 and WT knockdown resulted in 

a significant increase in FKBP25, suggesting that mutant p53 is a driver of FKBP25 

expression. Upon manipulation of p53 there were also clear reductions in p53 

repressor, mouse double minute 2 (MDM2), and p53 target protein, p21 (Fig 3.4 C).  

Interestingly, FKBP25 induces autoubiquitination of MDM2, a repressor of WT p53, 

resulting in its degradation (119). In mCherry/GFP (containing WT p53) cells, it was 

observed that there was low FKBP25 expression, which increased the expression of 

MDM2 and p21 (Fig 3.4 C). However, when p53 was  manipulated, with either WT KD 

(Mir4) or expression of p53R237H, there were aberrations to both MDM2 and p21 protein 

expression (Fig 3.4 C). This model has enabled us to confirm a relationship between 

p53 mutation and FKBP25 expression which may be involved in de-differentiation and 

transition to a mesenchymal phenotype. 

The next model to be examined was the MCF10A cell line with a constitutively active 

H-RasV12 mutation. H-Ras is a small GTPase second messenger protein that is 

involved in several signalling cascades, including MAPK/ERK signalling and PI3K 
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pathways (277) Under normal conditions, Ras GTPases exist as an inactivate GDP 

bound form which, upon receptor binding, is phosphorylated into its active GTP-bound 

form. Ras family members, including H-Ras, K-Ras, and N-Ras, are well characterised 

proto-oncogenes that frequently acquire hotspot mutations in many human cancers 

(278, 279). Upon mutation to Ras GTPases, namely a glycine to valine substitution at 

position 12 (H-RasV12), renders the molecule permanently ‘switched on’ and unable to 

hydrolyse bound GTP to GDP, ultimately resulting in uncontrolled proliferation signals 

(280). To examine the role of FKBP25 in cell growth and proliferation, we examined 

FKBP25 expression in this MCF10A H-RasV12 model. It was observed that constitutive 

activation of Ras was associated with  an increase in FKBP25 expression  (Fig 3.5) 

Again, contrary to our hypothesis, this proliferative, mesenchymal model displays 

increased expression of FKBP25. Considering the findings that FKBP25 protein 

expression is decreased in mesenchymal breast cancer cells (Fig 3.3) and in EGF 

mediated EMT (Fig 3.4) it was anticipated that this H-Ras mutant phenotype would 

also result in reduced FKBP25 expression. It is important to appreciate, however, that 

while this model contains a H-Ras mutation, the MCF10A cells are otherwise normal 

immortalised mammary epithelium (281). This may indicate that alterations to FKBP25 

expression in mesenchymal cells is multifaceted and reliant on acquisition of other 

mutations associated with cancer progression. Similarly, in the p53 model previously 

described, this model contains one oncogenic transformation that is insufficient to 

induce a complete neoplastic transformation. These findings highlight those multiple  

mutations are required for de-differentiation associated with the mesenchymal 

phenotype.  

To further elucidate the potential role of FKBP25 in proliferation and dedifferentiation 

of breast cancer cells, a pair of MDA-MB-231 breast cancer cell line clones with 
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different proliferative and metastatic phenotypes was examined. These studies 

identified that FKBP25 expression is significantly reduced in clone #16 cells compared 

to #17 cells (Fig 3.6). This model demonstrates that FKBP25 expression is increased 

in the proliferative, less invasive clone (#17), compared to the less proliferative, 

invasive clone (#16). These data consolidate our previous findings in section 3.2.1, 

where it was identified that FKBP25 protein expression is low in de-differentiated, 

mesenchymal breast cancer subtypes (Fig 3.2). While it was demonstrated a 

difference in FKBP25 expression in these MDA-MB-231 clones, further investigation 

is required to understand the role of FKBP25 in the mesenchymal phenotype.  

3.3.3 FKBP25 expression is decreased upon epidermal growth factor 

mediated epithelial to mesenchymal (EMT) in MDA-MB-468 breast 

cancer cell line. 

Hormone receptor signalling and breast cancer are intricately linked in the 

pathogenesis of the disease. Breast cancers are typically associated with amplified 

expression of ER, PR, or HER2 which result in dysregulated and excessive 

proliferation (282). Similar to HER2, the epidermal growth factor receptor 

(EGFR/HER1) is a tyrosine kinase receptor that facilitates cell proliferation and growth 

(283). Importantly in breast tissue, EGFR signalling is integral for mammary 

development whereby loss of receptor signalling results in impaired ductal and 

epithelial growth (284). In many human cancers, EGFR is amplified or mutated 

resulting in aberrant signalling and, as such, has become an attractive target for 

antiproliferative drugs in many cancer types, including lung (285) and breast (286). 

Overstimulation of these receptor pathways can result in epithelial to mesenchymal 

transition in effected cells (EMT) (287). 
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The process of EMT occurs when epithelial cells loose epithelial features, such as cell 

adhesion and cell polarity, and acquire invasive mesenchymal characteristics. When 

cells undergo EMT there are several steps which must occur including loss of cell to 

cell adhesion, and the ability to degrade and invade the basement membrane and 

enter the vasculature (288). The initiation of EMT is a complex process that involves 

activation of transcription factors, switching of structural proteins to facilitate 

movement, and activation of stem-like properties (235, 289, 290). Interestingly, 

FKBP12 has been demonstrated to have suppressive effects on EGFR 

autophosphorylation in vitro where addition of exogenous FKBP12 was found to 

reduce phosphorylation of the EGFR at all activation sites (291). Similarly, FKBP12 

has also been shown to supress activation of the transforming growth factor beta 

(TGFβ) receptor and ryanodine receptor (RyR) resulting in inhibition of their associated 

signalling pathways (292, 293). Considering the similar homology between FKBP12 

and FKBP25 (294), there may be some cross over of these roles for FKBP25. 

To investigate the involvement of FKBP25 in EMT, the MDA-MB-468 cell line was 

utilised, which was previously identified as having high levels of FKBP25 expression 

(Fig 3.2). Additionally, MDA-MB-468 cells express high levels of EGFR which can be 

exploited to create an in vitro model of EMT (295). Upon stimulation with EGF, MDA-

MB-468 cells undergo a morphological shift whereby the cells become elongated and 

multipolar in conjunction with a redistribution of E cadherin from the cell periphery (Fig 

3.7). Once EMT was visually confirmed, the analysis moved onto a molecular 

confirmation where a reduction in E cadherin and increase in vimentin were observed. 

Importantly, this coincided with a decrease in FKBP25 (Fig 3.8). This evidence 

supports the hypothesis that a mesenchymal phenotype is associated with reduced 

FKBP25 expression.  
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This observed reduction in FKBP25 in EGF-mediated EMT may be caused by a variety 

of factors. In this study  it was discovered that the FKBP25 reduction observed by 

EGF-mediated EMT is unlikely to be caused through signalling via PI3K, Mek, or 

mTOR (Fig 3.10). However, these studies could be improved by trialling drug doses 

and time courses to optimise molecular inhibition. Considering the multifaceted roles 

of FKBP25 in cell biology there are many other avenues that could be examined to 

explain FKBP25 protein reduction in response to EGF-mediated EMT. One such 

mechanism may be that FKBP25 in EGF-mediated EMT is altered calcium handling. 

The role of calcium signalling and handling in EGF- mediated EMT in MDA-MB-468 

cells has been extensively studied. It was demonstrated that MDA-MB-468 cells 

treated with EGF provokes an intracellular influx of calcium (266). Furthermore, it was 

shown that chelation of calcium in EGF treated cells impairs mRNA expression of EMT 

markers, vimentin, N cadherin and twist; suggesting that the process of EGF-mediated 

EMT is, in part, calcium-dependent (265). However, some markers, including snail, 

were upregulated in response to calcium chelation, indicating not all mediators of EMT 

are impacted by calcium. Interestingly, FKBP25 has been shown to interact with 

transient receptor potential channel 6 (TRPC6), a component of the heterodimer 

channel that facilitates non-capacitative calcium entry into cells (296). Upon 

knockdown of FKBP25, it was shown that calcium entry into cells was reduced in 

HEK293T cells, however, this mechanism has not been examined in breast cancer 

cells.  

Another mechanism that may implicate FKBP25 in EMT in breast cancer cells is 

FKBP25’s role as a microtubule stabiliser (109). In this model of EGF-mediated EMT 

in MDA-MB-468 cells, it was identified that FKBP25 levels decrease upon EMT 

induction, suggesting that there may be a decrease in microtubule stability in the 
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absence of FKBP25 (273). In this instance, it may occur that the microtubule 

assemblies are, in fact, more dynamic without a microtubule-associated protein, such 

as FKBP25, enabling faster formation of the mitotic spindle and, as such, faster cell 

proliferation. In addition to this, the decreased stability of the mitotic spindle may 

increase the likelihood of genomic damage occurring during metaphase. Specifically, 

this scenario could occur during metaphase chromosome separation if the spindles 

are not stable enough to adequately separate the chromatids (297). In the context of 

mesenchymal progression, it would be essential to gain genomic mutations to facilitate 

further growth and survival of the mutant cells (298). To this end it is important to 

further elucidate the role of FKBP25 in breast cancer cell epithelial to mesenchymal 

transition. 

3.4 Conclusions 

This chapter has described the role FKBP25 in models of breast cancer cell de-

differentiation and EMT in vitro. It was found that FKBP25 protein expression is 

reduced in mesenchymal breast cancer cell types compared to that of more 

epithelial-like basal subtypes. Specific mutations that are associated with the 

mesenchymal phenotype, Rasv12 and p53R273H, were examined in immortalised 

mammary epithelial cell line MCF10A. Contrary to our hypothesis and previous 

findings, these models demonstrated an increase in FKBP25. These studies 

highlight that the regulation of FKBP25 in breast cancer cell de-differentiation is not 

dependent on a single mutation and must encompass a variety of factors. Our 

studies have also demonstrated consistently that EGF-mediated EMT results in a 

reduction of FKBP25 protein. Additionally, it was demonstrated that the reduction in 

FKBP25 is impaired by inhibiting small molecules that are involved in the EGF 

signalling cascade (including PI3K, Akt, and mTOR). Considering these findings it 
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may be that EGF is having other effects on cell biology and behaviour that influence 

FKBP25, such as MT stability and dynamics. It would be important to examine 

additional models of EMT, that are under both genetic and exogenous ligand control 

to comprehensively assess the impact of EMT on FKBP25 protein expression.    
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Chapter 4: Investigating the role of FKBP25 in 
models of myogenesis and muscle plasticity 

 

4.1 Introduction 

4.1.1 Mesenchymal to epithelial transition (MET) and Myogenesis 

The process of MET is required for the transition of motile mesenchymal cells into 

polarised epithelial cells, which is seen in tissue development. The reverse process of 

EMT is referred to as mesenchymal to epithelial transition (MET; Figure 4.1). One 

example of MET of interest is myogenesis (299). Myogenesis is the process of skeletal 

muscle cell differentiation from a proliferative progenitor cell, known as myoblasts, to 

mature differentiated muscle fibres, or myotubes (300). Comparably to EMT, this form 

of MET requires expression of myogenic factors to occur. Upon induction of myoblast 

differentiation, a cascade of myogenic regulatory factors (MRFs) begin to be 

Figure 4.1:  Mesenchymal to epithelial transition (MET) 
MET refers to mesenchymal cell committing to epithelial lineage where cells lose 

their motility, cell-cell junctions and front/back polarity which are mesenchymal 

characteristics. Upon loss of these features, cells transition to a stable non-motile 

phenotype with strong cell junctions and apico-basal polarity – which are 

characteristic of epithelial cells. Made with Biorender.com. 
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transcribed to facilitate the transition to mature myotubes (Table 4.1). These factors 

include myoblast determination protein 1 (MyoD), myogenic factor 5 (MYF5), 

myogenic factor 4 (myogenin/MyoG) (301). These  factors are repressed in 

proliferative myoblasts and are activated upon induction of differentiation. Specifically, 

these MRFs are activated by cessation of cyclin dependent kinase activity 

corresponding with removal of myoblasts from the cell cycle to undergo terminal 

differentiation (302). In contrast to post mitotic myotubes, myogenic precursors cells 

can also exist as quiescent satellite cells. Satellite cells are the stem population within 

the skeletal muscle that enable regeneration and healing in response to muscle 

damage (303). An important identification factor in the satellite cell population are the 

paired box proteins (Pax proteins, PAX3 and PAX7), however, little is known about the 

function of these proteins in satellite cells (304). Upon activation of satellite cells by 

injury, the cells divide to replenish their stem-population. 
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Table 4.1: Myogenic regulatory factor (MRF) expression throughout myogenesis 

 

After which a daughter cell is able to migrate to the damaged site, fuse into the 

myofibres and initiate regeneration (305). This process is essential for the 

maintenance and function of healthy mature skeletal muscle. It has previously been 

identified that FKBP25 is expressed in the top 10% of the skeletal muscle proteome 

(225), suggesting that FKP25 may play some role in muscle fibre maintenance or 

function.  

4.1.2 Rhabdomyosarcoma (RMS) 

Interestingly, there is a group of aggressive skeletal muscle cancers in which the 

myoblasts fail to fully differentiate, which results in proliferation of immature myocytes 

known as rhabdomyoblasts (306). The accumulation of these immature tumour cells 

is known as rhabdomyosarcoma (RMS). RMS can be subdivided into three major 
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subgroups based on histological features: embryonal, alveolar, and anaplastic RMS. 

These cancers primarily affect children under the age of 18 and has an approximate 

5 year survival rate dependent on the RMS subtype (307). RMS tends to be highly 

heterogenous and lacks defined genetic features and, as such, is difficult to diagnose. 

However, one key cytogenetic feature of RMS is the presence of fusion genes, notably 

the fusion of PAX3/7-FOXO1 in alveolar RMS (308, 309). The presence of this gene 

fusion is correlated with poor patient outcomes. The prognosis of RMS can be 

worsened by the activation of super enhancers (BET bromodomain protein; BRD4) to 

autoactivate master regulators in RMS: MYOD, MYOG, and MYCN (310). Activation 

of these master regulators results in accelerated tumour progression and propagation 

of mutant cells. A second notable genetic trait of RMS cells is the presence of p53 

mutations (311).It has also been identified that, while less common, Ras (N-Ras and 

K-Ras) mutations are relevant to RMS pathogenesis (312, 313). The link between 

oncogenic Ras and myogenic differentiation blockade is poorly understood. Current 

evidence suggests that oncogenic Ras signalling represses expression of the pro-

myogenic factor, MYOG, which results in propagation of rhabdomyoblasts (314). This 

model of poorly differentiated myogenic cells may serve as an apt model to study the 

role of FKBP25 in differentiation and models of progressive de-differentiation. 

Throughout this chapter the aim is to investigate the role of FKBP25 in cell models of 

differentiation to assess its function in the maintenance of cell phenotypes. The use of 

pathological breast cancer, EMT, and physiological myogenesis models will 

comprehensively shed light on the poorly defined function of FKBP25 in cell 

differentiation.  
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4.1.3 Skeletal muscle regeneration  

Upon completion of myogenic differentiation, skeletal muscle cells are considered 

terminally differentiated. Mature skeletal muscle becomes post mitotic and 

permanently withdraws from the cell cycle to cease active proliferation. Despite being 

a post mitotic tissue, skeletal muscle has a significant capacity to regenerate and 

overcome injury. Skeletal muscle myofibres contain a subpopulation of quiescent 

myogenic precursor cells known as satellite cells (SCs) that are able to initiate MET 

(315). The SC population reside between the basement membrane and sarcolemma 

of the myofibres (316). In healthy, undamaged muscle SCs lie dormant, however, upon 

damage become activated (317). Activation of SCs stimulates re-entry to the cell cycle 

where the cell dives into 2 daughter cells which can undergo one of two fates. These 

daughter cells express myogenic markers PAX7/3 and MyoD (318). SCs can then 

either commit to myogenic lineage as marked by expression of Myf5 (319), or 

alternatively lose MyoD expression and re-enter the SC pool for further regenerative 

capacity (319) (Fig 4.2). Upon activation satellite cells must migrate from the basal 

lamina to the site of damage, which is mediated by chemoattraction toward insulin-like 

growth factor (IGF-1) that is secreted from damages muscle fibres (320). Specifically, 

cellular migration is mediated by CD34 and CD44 cell surface receptors that are able 

to interact with ECM proteins including collagen, fibronectins, and laminin (321, 322). 

Additionally it is essential for myogenic precursor cells to produce matrix 

metalloproteinases (MMPs), which are required for ECM degradation to enable 

invasion of cells through the basal lamina (323, 324). Upon entry to the damage site 

both proinflammatory cytokines (including interleukin-6 (325)) and growth factors (IGF-

1 and fibroblast growth factor (FGF-b) (326)) stimulate cell proliferation.  
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Fusion of regenerated myoblasts into the damaged muscle is the final event that must 

take place to rebuild the tissue, and this complete the MET process. Myoblasts 

express an intracellular adhesion molecule, M-cadherin, that is required for anchorage 

of myoblasts into the muscle (327). Upon adhesion and fusion to the muscle fibre, the 

nuclei of the fusing myoblasts evenly distribute in the centre of the fibre, known as 

centration (328). The centrally localised nuclei must be redistributed to the periphery 

of the muscle fibres which is essential for appropriate functioning of regenerated 

muscles (329). Nuclei are repositioned by microtubules and microtubule associated 

motor proteins, such as dynein (330). MTs are anchored to the microtubule organising 

Figure 4.2: Regulation of myogenic satellite cells in self renewal and 
regeneration 
Satellite cells (SC) exist in skeletal muscle to proliferate and regenerate damaged 

fibres. SC markers Pax3/7 are expressed in quiescent SCs. Upon activation by 

a damage event, SC become activated and express MyoD. Next, SCs will either 

return back to quiescence and contribute to self-renewal of the SC pool (and lose 

MyoD expression, left), or commit to proliferation and differentiation (as such 

express Myf5 and myogenin, right). Adapted from Amalda and Wagers 2016. 

Made with Biorender.com. 
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centres that are located on the nuclear envelope, and the cell cortex which enable the 

nuclei to be pulled toward the fibre periphery (331). It has been consistently described 

that there is significant MT remodelling upon skeletal muscle damage and 

regeneration, however the mechanisms are poorly understood (332-334). It has been 

hypothesised that the reason for extensive remodelling is due to constant repositioning 

of the nuclei within a regenerating tissue. Specifically, that motor proteins (kinesin-1 

and dynein) compete for MT interaction to facilitate nuclear movement to mature the 

regenerated fibres (335). In order to facilitate movement the MTs should be stable, as 

such regenerating muscle fibres contain increased stable tubulin polymers and 

reduced MT dynamics (335). FKBP25 is a known MT stabilising protein, and 

interestingly is the most highly expressed FKBP in mature skeletal muscle (225). 

These factors may implicate FKBP25 in facilitating MT stability in muscle regeneration 

in addition to a potential role on myogenic differentiation.  
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4.1.4 Chapter Aims 

This chapter aims to identify and describe the relationship between FKBP25, cell 
differentiation, and regeneration using a variety of in vitro and in vivo models. 

 

1. To observe FKBP25 expression in the C2C12 model of myogenesis.  

2. To examine the effect of quiescence induction on FKBP25 expression. 

3. To contrast the expression in human primary myoblasts and human 

rhabdomyosarcoma cell line Rh30 

4. To examine the interaction between FKBP25 and remodelling in in vivo models 

of muscle regeneration and plasticity.  
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4.2 Results 

4.2.1 FKBP25 expression is increased upon C2C12 differentiation and 

induction of quiescence. 

To further examine the role of FKBP25 in the processes of differentiation and 

dedifferentiation, next the role of FKBP25 in a normal physiological model of 

differentiation was assessed. This model of differentiation, the C2C12 myoblast model, 

is, in effect, the opposite of the EMT and could be considered MET (mesenchymal to 

epithelial transition, 4.3). Upon differentiation, the proliferative progenitor myoblasts 

A) 

B) 

Figure 4.3: Comparison of differentiation and de-differentiation models 
A) The C2C12 differentiation model involves the progression from proliferative 

myoblast to differentiation myoblasts, and finally to mature myoblasts via 

removal from the cell cycle and post mitotic myogenic commitment. B) 
Conversely, de-differentiation involves chronic stimulation of the cell cycle 

resulting in excessive proliferation. Accumulation of mutations and progressive 

de-differentiation results in cells that are mesenchymal and have increased 

metastatic potential. Made with Biorender.com. 
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commit to differentiation, which is marked by expression of myogenic factors, and exit 

of the cell cycle to become post mitotic (336, 337). Induction of differentiation of C2C12 

myoblasts is initiated by serum deprivation, which forces the cells to cease proliferating 

and begin to fuse. Throughout the 96 hours of differentiation, the C2C12 cells fuse 

together to form myotubes (Fig 4.4 A). Importantly, throughout this differentiation 

process,  it was observed that an there was an increase in fast myosin heavy chain, 

myogenin, and MyoD, which indicate commitment to myogenesis, and a decrease in 

cyclin D representing cessation of proliferation (Fig 4.4 B). Importantly, throughout this 

differentiation process, it was observed that FKBP25 expression increases 

significantly (Fig 4.3 C). This data is reflective of the findings from section 3.2.4, where 

it was observed that FKBP25 protein expression is reduced in MDA-MB-468 cells that 

have undergone EMT and consequent de-differentiation from their epithelial 

phenotype (Fig 3.9). Similarly in this C2C12 model, we have identified that FKBP25 

protein expression is increased as C2C12 myoblasts differentiate into myotubes, 

representing a type of MET – the reverse process of EMT (Displayed in Fig 4.4).Which 

led us to generate the hypothesis that FKBP25 protein is expressed at a low level in 

differentiated or mesenchymal-type cells, such as C2C12 myoblasts or mesenchymal 

breast cancer cells. Whereas differentiated or epithelial-like cells including C2C12 

myotubes, or luminal and basal breast cancer subtypes express much higher levels of 

FKBP25 protein.  

To further describe the function of FKBP25 in the process of differentiation we next 

assessed FKBP25 localisation. Within the C2C12 cells, FKBP25 is localised 

throughout the cells, i.e., the nuclear and cytoplasmic compartments of both myoblasts 

and myotubes (Fig 4.6). As the myotube network becomes more complex there is a 

more intense staining of FKBP25 corresponding with the increase in cytoplasmic  
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Figure 4.4: FKBP25 expression throughout C2C12 myoblast differentiation 

A) C212 morphology throughout differentiation from an immature myoblast cell 

to mature myotube (i-iv). B)  Representative blots of FKBP25 expression, 

myogenic and proliferation markers C) FKBP25 expression increases throughout 

C2C12 myogenesis. Scale bar = 100µm. Data presented as mean ± SD of n=3, 

* = p≤0.05   
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space. It is known that as myoblasts differentiate to myotubes the cells withdraw from 

the cell cycle and become terminally differentiated, or post mitotic. This feature of 

myotubes begged the question of whether the change in FKBP25 protein expression 

is linked to the differentiation status of the cells, or rather the ability to proliferate. To 

address this, a model of  f quiescence in which the C2C12 myoblasts was developed,  

to remove cells from the cell cycle and, as such, stop proliferation. To induce 

quiescence, cells were suspended in a semi solid medium to prevent adhesion 

dependant growth. Once released from quiescence, i.e., replating onto a solid sub 

stratum, the C2C12 cells were able to proliferate and differentiate as normal (Fig 4.7). 

Upon quiescence induction, there is an increase in FKBP25 expression compared to 

replated proliferating myoblasts, which continues to increase into differentiation (Fig 

4.8 A). This increase in FKBP25 with differentiation coincides with a decrease in 

proliferation that is seen in both quiescent and differentiated myotubes (See Cyclin D 

Fig 4.8 B). These data suggest that increased FKBP25 expression in C2C12 

myotubes may be related to reduced proliferation rather than differentiation  per se.  

Figure 4.5: Proposed relationship between FKBP25 and cell differentiation. 
High levels of FKBP25 protein are associated with differentiated cell types, 

including epithelial cells, and differentiated skeletal muscle myotubes. While low 

levels of FKBP25 protein is associated with poorly differentiated mesenchymal 

breast cancer cells and immature myoblasts. Made with Biorender.com. 
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Figure 4.8: FKBP25 expression in synchronous, quiescent, and 
differentiated C2C12 myoblasts 
A) FKBP25 expression is indifferent in suspended quiescent cells, however, 

decreases once replated and allowed to re-enter the cell cycle. This is seen by an 

increase in Cyclin D expression. B) Representative blots. Data presented as 

mean ± SD of n=3, * = p≤0.05   
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4.2.2 FKBP25 expression is increased in differentiated primary RMS 

cells but not differentiated primary myoblasts. 

To further explore the role of FKBP25 in myogenesis differentiation of human primary 

myoblasts (MBA-135) and human RMS cells (Rh30) were examined. The RMS cell 

line, Rh30, was of particular interest considering their characteristic mutations 

(Pax3/7-FOXO1 and MyoD1) that prevents differentiation. Thus, to adequately 

contrast this model to a healthy model, a human primary cell line was also examined.  

To begin this study, localisation experiments were performed where it was identified 

that FKBP25 is expressed ubiquitously throughout MDA-135 myoblasts and myotubes 

(Fig 4.9), however, FKBP25 appears to be less concentrated in the nucleus. While 

Rh30 myoblasts express FKBP25 ubiquitously throughout the cell, there appeared to 

be  a greater concentration localised to the nucleus (Fig 4.10 A), which dispersed 

upon treated with differentiation medium (Fig 4.10 B, note that these cells do not form 

myotubes).  

To examine the impact of myoblast differentiation on FKBP25 expression,  MBA-135 

primary myoblasts were differentiated into myotubes (Fig 4.11 A) and confirmed the 

expression of a series of myogenic factors described in 3.2.4 (Fig 4.11 B). Upon 

differentiation of MDA-135 cells, it was found that FKBP25 expression remains 

unchanged (Fig 4.11 C). Interestingly, attempted differentiation of Rh30 cells (Fig 4.12 

A, note lack of myoblast fusion) despite expression of myogenic factors, myogenin 

and MyoD, there is no expression of myosin heavy chain (Fig 4.12 B), however, there 

is a significant increase in FKBP25 expression (Fig 4.12 C). Intriguingly, these results 

contradict the results that were found in C2C12 mouse myoblasts, where it was found 

that FKBP25 protein expression increases upon differentiation (Fig 4.4). To determine 

if the presence of growth factors in the primary cell growth medium resulted in MBA-



120 
 

135 myoblast expressing high levels of FKBP25, the impact of  EGF, on C2C12 

myoblasts was assessed. However, it was observed that there was no impact on 

FKBP25 protein expression (Fig 4.13 and B), or morphology (4.13 C) upon EGF 

treatment. These results indicate that perhaps the accumulation of FKBP25 in C2C12 

myoblasts may be a cell type specific occurrence.  The involvement of FKBP25 in 

myogenesis must be further examined though knockdown studies to comprehensively 

describe any possible role. 
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Figure 4.11: FKBP25 expression is not altered in MBA-135 human primary 
myoblasts and differentiated myotubes 
A) Phase contrast images of MDA-135 myoblasts (i) and myotubes (ii). B) 
Expression of myogenic factors, proliferation markers and FKBP25 upon MBA-

135 differentiation. C) FKBP25 expression is unchanged with differentiation. 

Scale bar = 100µm. Data presented as mean ± SD of n=3, * = p≤0.05 
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Figure 4.12: FKBP25 expression is increased in differentiated human 
rhabdomyosarcoma cells 
A) Phase contrast images of Rh30 myoblasts (i) and differentiated Rh30 cells 

which do not form fused myotubes (ii). B) Expression of myogenic factors, 

proliferation markers and FKBP25 upon Rh30 differentiation. C) FKBP25 

expression is increased with differentiation. Scale bar = 100µm. Data presented 

as mean ± SD of n=3, * = p≤0.05 
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Figure 4.13 FKBP25 protein expression is not altered by EGF treatment 
in C2C12 myoblasts  
A) FKBP25 protein expression is not altered upon treatment with 50ng/ml 

EGF for 72 hours. B) Representative blots. C) Control and EGF treated 

myoblasts do not exhibit morphological changes. All data is presented as 

mean ± SD, n=3, * = p≤0.05. Scale bar = 100µm. 
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4.2.3 FKBP25 expression is increased in in vivo models of skeletal 

muscle hypertrophy and reduced in some models of atrophy. 

To further investigate the role of FKBP25 in models of proliferation and differentiation 

several models of in vivo skeletal muscle plasticity were assessed to determine the 

impact on FKBP25 expression. These models include, chronic mechanical loading, 

murine Duchenne muscular dystrophy (mdx), denervation and food deprivation. These 

models can be divided further into two categories of skeletal muscle hypertrophy or 

atrophy. Muscle hypertrophy refers to increase in the size or number of muscle cells 

resulting in an increase in muscle mass, while atrophy refers to a decrease in the size 

of these cells resulting in loss of muscle mass.  

The first model of skeletal muscle hypertrophy that was examined was chronic 

mechanical loading (CML). In this model of hypertrophy, two specific models, 

myotenectomy (MTE) and synergist ablation (SA) were examined. These two models 

involve surgical interventions to remove part or all of the gastrocnemius muscle, 

forcing the synergist muscles (plantaris and soleus) to hypertrophy as they take over 

the role of the primary plantar flexor muscle. The MTE procedure involved removal of 

the achilles tendon, leaving the soleus muscle intact (338). While the SA involved 

removal of the soleus and distal half of the gastrocnemius, leaving only the plantaris 

(226). As such, MTE is a milder form of the SA resulting in less damage and 

regeneration of tissue. It has previously been demonstrated that these forms of CML 

result in increased muscle weight, increased RNA content, and increased protein 

synthesis after 14 days (227). Upon CML there is an increase in FKBP25 with both 

MTE and SA (Fig 4.14). Next, FKBP25 expression was examined in mdx muscle. 

DMD is a severe type of muscular dystrophy in which there is complete deletion of the 

dystrophin gene (339, 340). The pathogenesis of DMD in humans presents as 
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progressive muscle weakness and wasting resulting in impaired muscle function, and 

ultimately premature death from respiratory complications. Dystrophin is an essential 

anchoring protein which connects the cytoskeleton on the muscle fibres to the 

extracellular matrix through a variety of protein complexes (dystroglycan complex) 

(341). The absence of the dystrophin protein leads to a variety of pathologies that lead 

to muscle damage, including fibrosis, increased susceptibility to mechanical stress, 

amplified calcium signalling, pseudohypertrophy, and increased reactive oxygen 

species production and inflammation (342-344).  
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Figure 4.14: FKBP25 protein expression is increased upon chronic mechanical 
overload  

A) Upon chronic mechanical loading (CML) though one of myotenectomy (MTE, 

severance of the Achilles tendon) or synergist ablation (SA, complete removal of the 

plantar flexor muscle - Gastrocnemius). Made with Biorender.com. B) Compared to 

Sham conditions, both MTE and SA result in a significant increase in FKBP25 protein 

expression. C) Representative blots. All data is presented as mean±SD, n=3, p≤0.05. 
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It was identified that FKBP25 expression was increased in mdx tissue compared to 

WT control (Fig 4.15). The samples that were examined in this study were obtained 

from 8-week-old mdx mice. The mdx pathology is well described and follows a known 

pattern of damage and regeneration (345). The disease phenotype onset begins at 

approximately 2.5 weeks of age and reaches peak damage onset by 3 weeks of age 

(346). After this peak period, the muscle fibres undergo necrosis and become highly 

inflammatory (347). Following the inflammation period there is a regeneration phase 

which enables the surviving muscle fibres to grow and hypertrophy (346). It is 

hypothesised that this increase in FKBP25 expression is a result of either hypertrophy 

of surviving muscle (348, 349), or extensive remodelling and density of the tubulin 

cytoskeleton (350). In contrast, upon examination of a denervation model of muscle 

atrophy, it was identified that FKBP25 expression is reduced compared to sham 

controls (Fig 4.16). Denervation is a widely used experimental model used to study 

skeletal muscle atrophy. This model requires severance of the common 

sciatic/peroneal nerve which innervates the anterior and lateral lower limb 

compartments (351). The disruption of innervation to the lower limb results in a 

progressive decline in fibre cross sectional area, muscle mass loss, and reduced 

contractile function (352). A second model of muscle atrophy using food deprivation 

was also examined. In this model the mice are deprived of food access for 48 hours 

which has previously been shown to reduce muscle mass (353) It was found that 

FKBP25 expression was not altered upon food deprivation (Fig 4.17). These studies 

have demonstrated that FKB25 expression is altered in some models of skeletal 

muscle hypertrophy and atrophy. This suggests that in addition to proliferation and 

differentiation, FKBP25 may have a role in skeletal muscle plasticity in vivo.  
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Figure 4.15: FKBP25 protein expression is increased in a model of murine 
muscular dystrophy (mdx) 
A) Mdx is a murine pathology that mimics that of human Duchenne muscular 

dystrophy (DMD). The presence of a premature nonsense mutation in the 

dystrophin gene results in progressive muscular atrophy and fibrosis. Made with 

Biorender.com B) FKBP25 expression was increased in mdx muscle compared 

to control. C) Representative blot. All data is presented as mean ± SD, n=3, * = 

p≤0.05. 
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Figure 4.16: FKBP25 protein expression is reduced upon hindlimb 
denervation 

A) Diagram depiction of denervation as a model of skeletal muscle atrophy. 

Denervation (severing of the sciatic nerve) is used to prevent use of the lower 

limb resulting in disuse atrophy, B) in this condition it was found that FKBP25 

protein expression was reduced. C) Representative blot. All data is presented as 

mean ± SD, n=3, * = p≤0.05.  
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Figure 4.17:  FKBP25 protein expression is unaltered in a model of food 
deprivation induced skeletal muscle atrophy 
A) Mice were deprived of food for 48 hours to induce skeletal muscle atrophy. B) 
No change to FKBP25 protein expression was detected compared to ad libitum 

food access controls. C) Representative blot. All data is presented as mean ± 

SD, n=3, * = p≤0.05 
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4.3 Discussion 

4.3.1 FKBP25 expression is increased upon C2C12 differentiation and 

induction of quiescence. 

Our previous studies have focused on the role of FKBP25 in EMT and models of breast 

cancer cell de-differentiation. Throughout this investigation it was questioned how 

FKBP25 would be expressed in models of physiological differentiation, specifically, 

would the opposite phenomena occur. It was hypothesised that, in the case of 

physiological differentiation,  proliferative progenitor cells would express low levels of 

FKBP25 compared to mature or post mitotic non-proliferating cells. To examine this 

hypothesis, the C2C12 myoblast model of myogenesis was utilised. To date, there has 

been limited research in the role of FKBP25 in myogenesis or mature skeletal muscle. 

One major finding regarding FKBP25 in mature skeletal muscle physiology was that 

FKBP25 is expressed in the top 10% of the skeletal muscle proteome, suggesting that 

FKBP25 may play an essential role in maintaining muscle structure or function (225). 

Considering the hypothesis that was established earlier (Fig 4.5), whereby FKBP25 

expression is reduced to facilitate a mesenchymal phenotype, described as 

proliferative and migratory, here it was hypothesised that myoblast cells would display 

a similar mesenchymal, or dedifferentiated, phenotype and consequently express low 

levels of FKBP25. 

Upon examination of C2C12 myoblast differentiation in 24-hour intervals until 

complete differentiation to myotubes (96 hours), it was identified that C2C12 myotubes  

express significantly higher levels of FKBP25 than proliferating myoblasts (Fig 4.4). 

Here it was observed that throughout differentiation there are incremental increases 

in FKBP25 that corresponds with both myogenic commitment and cessation of 
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proliferation (indicated by the decline in cyclin D, Fig 4.4 B). This trend of FKBP25 

expression being low in proliferative, de-differentiated cells and increased in polarised, 

differentiated cells is evident in C2C12 myogenesis, similarly to what was described 

earlier in MDA-MB-468 EGF-mediated EMT (Fig 3.9). 

Next, the localisation of FKBP25 in myoblasts and myotubes was examined. As 

previously identified in breast cancer cell lines, FKBP25 was primarily located in the 

cytoplasm of both myoblasts and myotubes (Fig. 4.6). Upon differentiation it is 

noticeable that the content of FKBP25 is increased as the myoblasts fuse and form 

multinucleated myotubes. An essential structural feature of mature myotubes is a 

complex network of MTs to maintain the integrity of the fibre, as well as interact with 

contractile proteins (354). Structural changes to the MT network are indispensable for 

myogenesis and myoblast fusion, such that loss of end binding protein 1 (EB1; a MT 

plus end tracking protein) results in prevention of fusion, elongation, and expression 

of MRFs (355). Myoblasts contain an unstable MT network that must become 

stabilised to adequately differentiate (356). Interestingly, this coincides with FKBP25 

lowest expression in de-differentiates myoblasts. As the myoblasts begin to 

differentiate and subsequently begin to stabile the MT network, there is a consequent 

increase in FKBP25.  

To further describe the role of FKBP25 in myogenesis, a model of skeletal muscle 

progenitor cells, satellite cells, was assessed by inducing quiescence in C2C12 

myoblasts. This technique involved suspending the myoblasts in a viscous medium 

for a period of 48 hours to induce quiescence, or growth arrest, where there is no 

proliferation of cells (357). Upon induction of quiescence (at 48 hours) it was found 

that levels of FKBP25 are elevated compared to myoblasts that have been replated 

and allowed to re-enter the cell cycle (Fig 4.8, See 4.8 B, Cyclin D). Notably, here it 
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was found that C2C12 myoblasts that have de-differentiated per se but are non-

proliferative express greater levels of FKBP25 than actively proliferating myoblasts. In 

this model we were able to demonstrate that throughout C2C12 differentiation there 

are significant increases in FKBP25 protein expression. Together these data suggest 

that FKBP25 expression levels may be linked to proliferation status of the cells. Such 

that actively cycling myoblasts express low levels compared post mitotic myotubes 

which expressed high levels of FKBP25. Additionally there were no notable changes 

in differentiation morphology of previously quiescent cells (Fig 4.7) It has been 

previously established that FKBP25 is a microtubule associated protein that facilitates 

microtubule stability. As such, to aid in faster proliferation a decrease in FKBP25 

expression may facilitate an increase in microtubule instability. Conversely, in the 

myotube, it would be of benefit for structural integrity and generation of the vast 

microtubule network to have increased FKBP25 expression. To further examine the 

potential role for FKP25 in C2C12 structure and function FKBP25 loss of function must 

be explored in future studies.  

4.3.2 FKBP25 expression is increased in differentiated primary RMS 

cells but not differentiated primary myoblasts. 

After investigating the impact on FKBP25 in C2C12 myoblast differentiation a second 

model was selected to test the hypothesis that FKBP25 is expressed highly in 

differentiated cells. Using human skeletal muscle myoblast cell line MBA-135 it was 

identified that FKBP25 expression is not altered in this model of differentiation (Fig 4.9 

and 4.11). While it is confirmed that both MDA-135 and C2C12 cells have underdone 

differentiation to mature myotubes, the growth conditions of these two cell types are 

different. MBA-135, a primary cell line, require supplementation with growth factor 

fibroblast growth factor (FGF-b), while immortalised C2C12 myoblasts do not require 
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addition of growth factors. Interestingly, in our previous studies MCF10A cells with 

constitutively active Ras, it was identified that FKBP25 expression is elevated (See 

Fig 3.5; MCF10A Ras mutation). This suggests that stimulation of this growth factor 

pathway impacts upon FKBP25 expression, at least in non-cancer cells. Furthermore, 

it has been identified that FGF appears to have a longer lasting impact on Ras 

signalling than EGF (358). Considering the presence of FGF-b in the growth medium 

for these cells, it may be that there is an increased basal level of FKBP25 via growth 

factor signalling. Resulting in no obvious increase in FKBP25 upon differentiation. 

Next, the RMS cell line, Rh30, was examined where it was identified that upon 

differentiation,  FKBP25 expression was increased (Fig 4.10 and 4.12). Unlike MDA-

135 cells, the Rh30 cells do not form myotubes, which is due to p53 mutation 

(p53R373C, functionally identical to p53R273H mutation (359); described in Section 3.2.2) 

impairing the withdrawal from the cell cycle and the function of myogenic factors (360). 

This results in an inability to differentiate and produce the contractile protein, myosin 

heavy chain (See Fig 4.12 B). Again, this event was identified in MCF10A p53 mutant 

breast cancer cells, where FKBP25 was found to be increased in p53R273H MCF10A 

cells (See Fig 3.6; MCF10A p53 mutation panel). Interestingly, this p53 mutation is 

also found in MDA-MB-468 breast cancer cells which have notably high levels of 

FKP25 expression (Fig 3.3). However, examination of the effect of EGF stimulation 

on C2C12 myoblasts demonstrated that there was no impact on FKBP25 protein 

expression (Fig 4.13). While it was observed this occurrence in differentiating C2C12 

myoblasts, this event may not occur in human primary myoblasts. Alternatively, MBA-

135 cells should be cultured in the absence of FGF-b in the growth medium to 

determine if this is causative to the increased FKBP25 expression in MBA-135 

myoblasts.  
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4.3.3 FKBP25 expression is increased in in vivo models of skeletal 

muscle hypertrophy and reduced in some models of atrophy 

To build on our previous in vitro studies in C2C12 myoblasts, it was aimed to examine 

the impact of skeletal muscle hypertrophy and atrophy conditions on the expression 

of FKBP25. To date, there are limited studies that have examined the roles of FKBPs 

in the absence of exogenous ligands, including FK506 and rapamycin. Earlier, in 

section 3.2.4, it was  revealed for the first time that FKBP25 protein expression is 

reduced in proliferating, de-differentiated myoblasts and throughout differentiation and 

commitment to a post mitotic phenotype there is an increase in FKBP25 protein 

expression (Fig 4.5). One such feature of myogenic differentiation of interest that may 

be related to FKBP25 is the remodelling of the MT cytoskeleton. As such, next it was 

aimed to investigate some in vivo models of muscle remodelling. These include 

atrophy, hypertrophy, and disease models to describe the impact of the changes of 

FKBP25 expression in these remodelling conditions.  

The first model of skeletal muscle remodelling that was examined was chronic 

mechanical loading (CML), a model of skeletal muscle hypertrophy. Here it was 

hypothesised that, as demonstrated in our C2C12 model, as the fibres undergo 

overload-induced  hypertrophy there will be an increase in FKBP25 expression. Upon 

examination of the tissues, it was identified that there was, in fact, an increase in 

FKBP25 protein expression with mechanical overload compared to sham control 

muscles (Fig 4.14). Interestingly, it has been identified that the synergist ablation 

model of mechanical overload results in increased satellite cell content and activation 

in the skeletal muscle (361). In our C2C12 model of quiescence it was seen that there 

is an increase in FKBP25 protein expression in quiescent cells compared to 

proliferating myoblasts (Fig 4.8). Which is in fact the opposite of what is observed in 
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the mechanical overload where FKBP25 protein expression is increased. This may 

indicate that the increase in FKBP25 protein expression is related to cytoskeletal 

remodelling of regenerated tissue. An important role of the MT network in skeletal 

muscle is to transduce mechanical signals to facilitate movement and contraction 

(362). In a model of skeletal muscle regeneration following chemical damage, it was 

found that there is significant remodelling of the MT network, resembling that of mdx 

pathology (350). Considering these roles of MT remodelling in regeneration, and 

FKBP25s role in stabilising the MT cytoskeleton (109), this may be why FKBP25 

protein expression is elevated in overloaded muscles that have undergone 

regeneration and hypertrophy.  

Next, a second model of skeletal muscle damage and regeneration was examined, 

the mouse model of Duchenne muscular dystrophy (DMD/mdx). In the mdx model of 

DMD there is an acute onset of the pathology including increased damage/necrosis at 

around 3 weeks of age, which  reduces to a more chronic, lower level of damage by 8 

weeks which persists throughout life (363). This chronic damage is persisted by 

recurring damage and regeneration cycles caused by physical activity resulting in 

inflammation (364). Dystrophin is an essential component of the transmembrane 

network known as the dystrophin-glycoprotein complex (DGC) (365). Dystrophin binds 

to the DGC component β-dystroglycan forming a link between the cytoskeleton and 

extracellular matrix (366). The loss of dystrophin protein from the sarcolemma 

membrane disrupts the protein complexes that convey mechano-transduction signals, 

and ultimately resulting in structural damage to the sarcolemma (367). The damage to 

the sarcolemma allows an influx of cytosolic Ca2+ and subsequent induction of reactive 

oxygen species (333, 368). Collectively these events manifest as loss of muscle 

strength and diminished muscle function (369). Interestingly, it has been demonstrated 
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that upon loss of dystrophin in the mdx phenotype results in significantly increased MT 

network compared to WT mice (370). It was proposed by Nelson et al., that this intense 

remodelling of the MT network in mdx muscle is an attempt to stabilise the damaged 

sarcolemma caused by the loss of dystrophin. This was supported by exogenous 

expression of mini-dystrophin molecules resulting return to baseline levels of MT 

content (370). Considering this feature of mdx pathology, it was hypothesised that 

FKBP25 may be upregulated in response to increased microtubule network 

remodelling. Upon examination of control and mdx skeletal muscle samples, it was 

found that mdx muscle has significantly increased expression of FKBP25 compared 

to control (Fig 4.15). The samples that were assessed were collected from 8-week-

old mdx mice, meaning that the pathology was in a post regeneration state and likely 

to have undergone extensive MT network remodelling. The increased MT network 

would require increased microtubule stabilising proteins to maintain stability of MT 

polymers, such as FKBP25 – a known MT stabilising molecule.  

Following out assessment of models of skeletal muscle hypertrophy and regeneration, 

next a skeletal muscle atrophy model was examined. As described in section 3.2.6, 

denervation involved severance of the common sciatic/peroneal nerve which 

innervates the anterior and lateral lower limb compartments (351). This procedure is 

well described and known to result in disuse atrophy of hindlimb muscles (371-373). 

Upon denervation there is a shift in microtubule organisation (332, 374). Interestingly, 

as described in regeneration models, there is an increase in the density of the MT 

network (332). This attribute of atrophied skeletal muscle is thought to be a protective 

mechanism to overcome mechanical stress (332). In microtubule associated protein 6 

(MAP6; a microtubule stabilising molecule) knockout mouse model it was observed 

that there was an atrophy phenotype, characterised by reduced muscle cross sectional 
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area, reduced muscle mass, and muscle dysfunction (334). Importantly, there was a 

significant increase in MT network density reported. However, in this model we have 

observed a reduction in FKBP25 protein expression alongside skeletal muscle atrophy 

(Fig 4.16). In conjunction with the results observed in CML and mdx models, it appears 

that FBKP25 protein expression is synonymous with cytoskeletal remodelling 

associated with muscle regeneration.  

Finally, a short-term model of skeletal muscle atrophy was examined. This model 

involved a 48-hour food deprivation period in which the mice still had ad libitum access 

to water (227). Upon food deprivation it has previously been demonstrated that protein 

synthesis becomes reduced and protein degradation becomes increased, ultimately 

resulting in a reduction in mass (353). Specifically, where reduced nutrient availability 

reduces signalling via PI3K/Akt, resulting in lowered activation of mTORC1, ultimately 

impairing p70S6K phosphorylation leading to a reduction in protein synthesis (375). In 

addition to this, a reduction in Akt phosphorylation can also activate Forkhead box 

protein 01 (FOXO1) transcription factors that transcribes E3 ubiquitin ligases, MURF-

1, and atrogin-1, which control atrophy-induced muscle mass changes (376).  

Similar to the denervation model, it was hypothesised that FKBP25 expression would 

be impacted by either reduced caloric intake impairing protein synthesis, or the 

remodelling that would be associated with muscle wasting. However, it was found that 

there was no change to FKBP25 expression following the food deprivation period (Fig 

4.17). While food deprivation and denervation are both models of atrophy, the key 

difference in these two models is that the denervated animals are left for 7 days to 

induce the wasting phenotype. Comparatively, in the food deprivation model the 

animals are deprived for 48 hours, and the samples were collected immediately after 

the starvation period. The absence of the regeneration window may be the factor that 
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results in no change to FKBP25 protein levels. Nelson et al., propose that it takes 

between 5-10 days for regeneration of damaged mdx tissue to become re-stabilised 

by exogenous dystrophin molecules (370). In future studies it should be considered to 

include a recovery period following food deprivation to observe the potential changes 

in MT organisation and FKBP25 protein expression. 

4.4 Conclusions 

This chapter has described the role of FKBP25 in models of myogenesis and skeletal 

muscle plasticity. In line with our hypothesis that low levels of FKBP25 is required for 

a proliferative phenotype, it was observed that C2C12 myoblasts express low levels 

of FKBP25 which accumulates throughout myogenic differentiation. This was further 

supported by an increase in FKBP25 in quiescent myoblasts compared to proliferating 

myoblasts. Interestingly, this trend was not observed in human primary myoblasts 

which suggests that this hypothesis is not universally linked to myogenesis. Upon 

examination of in vivo models of skeletal muscle plasticity increases in FKBP25 protein 

expression were observed upon chronic mechanical loading and the regeneration 

phase of mdx pathology. In both of these models there is extensive regeneration to 

muscle fibres, and integration of activated satellite cells which is known to increase 

MT network density. Considering the role of FKBP25 as a MT stabiliser, it is 

hypothesised that the observed increase in FKBP25 expression has resulted from 

these changes in MT density. However, in a denervation model of skeletal muscle 

atrophy a reduction of FKBP25 protein expression was observed and no change in a 

food deprivation model. To fully describe the involvement of FKBP25 in mature muscle 

structure and function in vivo knockdown studies should be undertaken.   
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Chapter 5: The impact of FKBP25 knockdown 
on cell biology and function 

5.1 Introduction  

To date there has been limited research surrounding the role of FKBP25 in cell biology 

and function. There are a diverse range of cellular functions that have implicated 

FKBP25, including proliferation, microtubule dynamics, p53 regulation and DNA 

damage repair (109, 112, 119). However, these functions have been examined in a 

limited context. Here it is aimed to examine the role of FKBP25 in physiological and 

pathological models of differentiation and de-differentiation. Many biological 

processes are required for differentiation and de-differentiation in various cellular 

models including TNBC EMT and in C2C12 myogenesis. These two processes 

effectively operate in the opposite direction, such that EMT begins with a differentiated 

cell type that becomes increasingly plastic and mesenchymal. In contrast, C2C12 

myogenesis  may be referred to as a MET. This occurs when a less differentiated 

progenitor cell commits to a cell lineage, in this case myogenic lineage, and 

differentiates into a committed myotube. Each of these processes require an 

assortment of biological processes to be completed including, but not limited to, cell 

proliferation, migration, anchorage dependent, and independent growth.  

5.1.1 The cell cycle 

Cell proliferation is an essential process in which a mother cell grows and divides to 

produce two identical daughter cells (Fig 5.1). An abundance of events regulates the 

cell cycle to ensure that proliferation can occur without any abnormalities. In brief, 

when a cell enters the cell cycle, the cell will enter the first phase of growth (G1) where 

the cell is required to grow, that is increase its protein and organelle content to prepare 
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for mitosis (377).  Next, the cell will enter the synthesis phase (S phase) where the 

DNA will be replicated and end with 2N chromosomes (378). S phase is then followed 

by a second growth phase (G2) in which the cell physically prepares for mitosis by 

increasing cell growth and assembling microtubule spindles. Importantly, there are 

several checkpoints that the cells must pass before being allowed to progress through 

the cell cycle, these are mediated by cyclins (G1) and p53 (G2) (379). Finally, after 

interphase is complete, the cell is able to undergo mitosis and cytokinesis and produce 

two daughter cells. Disruptions to the cell cycle or its checkpoints can have detrimental 

effects on the production of normal daughter cells. It is well described that excessive 

proliferation of abnormal cells results in the development of cancer (Reviewed in 

(380)). As such it is important to identify molecules that may impact upon appropriate 

cell proliferation. FKBP25 may impact upon cell proliferation in a number of ways, 

including inadequate formation of the mitotic spindle resulting in abnormal 

chromosome separation. Also, considering the role of FKBP25 in MT stability, loss of 

FKBP25 could result in increased dynamic instability of the MT network. Alternatively, 

FKBP25 may dysregulate p53 via its role as a regulator of p53’s repressor MDM2 

(119). Together these factors can lead to excessive and dysregulated proliferation that 

can progress EMT.  
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Following G1, phase there are several outcomes for the cell including, progression to 

S phase, become arrested in G1 and not progress, or be removed from the cell cycle 

and enter a quiescent state (G0) (381). In relation to myogenesis, it is essential that 

cells enter G0 to stop proliferation and commit to terminal differentiation. Upon entry 

into G0, there are a variety of processes that occur to initiate myogenic differentiation 

Figure 5.1: The cell cycle 
The cell cycle is composed of 4 phases, growth (G1), synthesis (S), second 

growth (G2), and mitosis (M). Each of these phases is associated with different 

cyclin and cyclin-dependent kinases (CDK) that enable the cell to progress 

though the phase. G1 is governed by hyper-phosphorylation of retinoblastoma 

protein (Rb; by cyclin D/CDK4/6 complex) causing its dissociation from E2F. E2F 

initiates expression of S phase related genes, including Cyclin E, to allow S 

phase progression. Cyclin A binds to CDK2 to initiate S phase, and upon binding 

to CDK1 instigates nuclear envelope degradation in G2 phase to prepare for 

mitosis. CDK1 becomes bound to cyclin B to progress through M phase and 

complete the cell cycle. Made with Biorender.com. 
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including, induction of myogenic regulatory factors (MyoD, Myf5, myogenin) which are 

essential for cessation of proliferation and fusion (382, 383). These myogenic factors 

can be directly induced by repression of cyclin dependent kinases (CDKs). For 

example, CDK4 has been demonstrated to bind to MyoD and prevent is transcriptional 

program (384). Thus, once withdrawn from the cell cycle, myogenic commitment can 

occur. The role of FKBP25 has not been investigated in the process of myogenesis or 

proliferation. Considering our previous findings in chapter 3, it is hypothesised that 

FKBP25 is a negative regulator of the cell cycle. As such, it is thought that the 

accumulation of FKBP25 protein throughout differentiation is required to halt 

proliferation.  

5.1.2 Cell movement  

Cell migration is an important biological process for cells in both physiological and 

pathological processes. In normal physiology, some cell types, including activated 

satellite cells and myoblasts, must migrate from the basement membrane into the 

damage site. Conversely, cancer cells acquire the ability to migrate either toward a 

chemoattractant or growth stimulus at a secondary site. In either case, the process of 

migration is identical and consists of a cycle of steps to facilitate movement (Fig 5.2). 

These steps include, actin driven extension of the leading edge, integrin mediated 

focal adhesion to the ECM, contraction of the cytoplasm resulting in forward movement 

of the cell body, and release from contact sites (385, 386). Importantly a cascade of 

molecular events facilitates this movement. In short this occurs via  
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Figure 5.2: Cell migration and principles of focal adhesion 

A migrating cell can be divided into two poles, the leading edge (at the direction 

of movement) and the trailing edge (behind the direction of movement). The 

microtubule network is essential to maintain the directionality of cell movement. 

The cell is anchored to the ECM by focal adhesions at which actin fibres protrude 

to polarise the cell (at both focal adhesions and leading edge). The focal adhesion 

is anchored to the ECM via integrin dimers which interact with a series of 

adhesion-related proteins (including, actin, vinculin, paxillin, talin, focal adhesion 

kinase (FAK), Src). Phosphorylation of FAK (by Src) initiates its focal adhesion 

engagement with the ECM. (Adapted from Katoh, Cells, 2020). Made with 

Biorender.com. 
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interactions between the cellular integrins and ECM via ligands (including fibronectin, 

vitronectin, and collagen). The formation of these cell adhesions regulates focal 

adhesion kinases (FAK) and Src kinases to activate substrates that will instigate 

adhesion of the actin cytoskeleton to these anchorage points – referred to as focal 

adhesions (387). In addition to the role of the actin cytoskeleton in migration, the MT 

cytoskeleton plays an integral role in cell migration. The formation of the trailing edge 

is facilitated by the protrusion of stabilised MTs and acts as a guide for the cell 

movement. Crucially, impairment of MT dynamic instability has been shown to impair 

cell migration in vitro (388). It has been previously established that FKBP25 has a role 

in regulating MT stability and, as such, may be implicated in regulating cell migration.  

5.1.4 Anchorage dependence and cell growth 

Anchorage dependence is a feature of all tissue derived cells, except for those cells 

derived from hematopoietic lineage and selected transformed cancer cells. 

Anchorage-dependent cells require adhesion to a solid substratum, such as the ECM 

or tissue culture treated plastics. Adhesion has previously been shown to induce 

expression of cyclin D1, Rb phosphorylation, and activation of cyclin E/CDK2 (389). It 

has also been demonstrated that binding to ECM strata, including fibronectin, induces 

cyclin A and associated CDK activity (390). These features are relied upon less as 

cells undergo tumorigenic transformations, as seen in the EMT process. Anchorage-

independent growth refers to the ability of cells to proliferate independently of adhesion 

to a solid substratum. This feature of cancer cells can occur as cells develop an 

increasing number of mutations, namely to oncogenes including c-Myc, v-Src, H-ras 

(391). H-ras oncogenic mutations have been shown to induce uncontrolled cyclin D-

dependent kinases (CDK4/6), leading to proliferation independent of adhesion (392). 

Other studies have demonstrated that overexpression of integrin-linked kinases (ILKs) 
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in cells grown in suspension cultures improved cell cycle progression by upregulating 

cyclin D1 and cyclin E and reducing associated CDKI expression (393). FKBP25 has 

not been directly associated with cell cycle regulators, however, its association with 

MT stability may again be at play. The role of FKBP25 as a MT stabiliser may impact 

upon mitotic spindle assembly and dynamics in transformed cells to facilitate loss of 

anchorage dependence.  

5.1.3 Implications for EMT and MET 

The processes of proliferation, migration, and cell growth are essential for 

differentiation and de-differentiation of cells in both of EMT and MET. The EMT 

programme relies on loss of epithelial characteristics and gain of mesenchymal 

attributes. These include the loss of cell polarity and cell to cell adhesion, increased 

proliferation, and gain of invasion and migratory capabilities (Reviewed in (288)). As 

previously discussed, it appears that FKBP25 may play a role in cell proliferation and 

migration via p53 regulation, or tubulin dynamics which may occur in a cumulative or  

independent manner. For example, as cells acquire p53 mutations, which are 

associated with highly proliferative phenotype, there is a net reduction of FKBP25 to 

allow faster progression through the cell cycle. Alternatively, it could be that the 

reduction of FKBP25 results from other EMT pathways, such as abhorrent tyrosine 

kinase signalling. This would result in increased proliferation via Ras signalling and 

again result in dampened FKBP25 expression to maintain increased proliferative 

capacity. This was previously demonstrated in chapter 3, section 3.2.6, where release 

from quiescence resulted in a reduction in FKBP25 expression (Fig 4.8).  Proliferation 

may also be influenced by microtubule stability, another function of FKBP25 (Fig 5.3). 

FKBP25 is a known microtubule stabiliser, notably being demonstrated to play a role 

adequate mitotic spindle formation (109).  
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In EMT, plasticity of the mitotic spindle demonstrates some positive features, including 

reducing the time required for the spindle to dissemble and reassemble for the next 

round of division (394). Conversely, it has been shown that loss of FKBP25 results in 

an increase of chromosomal abnormalities in osteosarcoma cells (109). Interestingly, 

FKBP25 has also been discovered to be involved in double stranded DNA break repair 

(111). This function could be linked to FKBP25 role in MT stability as stable MTs are 

required for transport of DNA damage repair proteins (395). Additionally, FKBP25 itself 

Figure 5.3: The role of microtubule stability in cell division 

Stabilised microtubules (MT) are required for formation and maintenance of the 

mitotic spindle during cell division (Left). Destabilisation of the MT and mitotic 

spindle is known to result in weakening of the spindle apparatus resulting in 

abnormal chromosome separation (Right), Abnormal chromosome separation 

results in acquisition of somatic mutations that may impact upon cancer 

progression. Made with Biorender.com. 
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has been shown to interact with DNA, however, post translational modification to 

FKBP25 led to dissociation of FKBP25  from the MT apparatus (109). These functions 

suggest that FKBP25 mays an important role in MT formation, adequate cell cycle 

progression and accumulation of genomic mutations.  

Conversely in MET, or cell differentiation in our myogenesis model, it was observed 

an increase in FKBP25 expression. Interestingly, in comparison to EMT, there are 

many opposing features, such as a cessation of proliferation and return of cell polarity 

(396). In this model of myogenic differentiation, it is hypothesised that as the maturing 

myoblasts withdraw from the cell cycle to enter a post mitotic state there is an 

accumulation of FKBP25 which acts as a positive feedback mechanism to halt cell 

cycle re-entry. Commitment to myogenic differentiation requires complete termination 

of the cell cycle to adequately induce myogenic factors including MyoD, myogenin, 

Myf-5, and Myf-6 (397-399). This results in an interplay between cell cycle inhibitors, 

cyclin dependent kinase inhibitors (CDKI), and retinoblastoma protein (Rb) and 

induction of myogenic factors, namely MyoD (382, 400). MyoD has been shown to 

bind to CDKI (including p21, p27, p57) resulting in ensuing inhibition of CDKs (401). 

Additionally, MyoD has been demonstrated to impair Rb phosphorylation, which would 

normally allow cells to progress though the cell cycle, thus impairing cell cycle 

advancement (402). Interestingly, the FKBP25 promoter region contains a MyoD 

binding site (Signalling Pathways Project 2017-2020) indicating that there may be a 

positive feedback loop operating. Myogenic commitment induces MyoD expression 

which may, in turn, promote MyoD- induced FKBP25 expression. The combination of 

MyoD and FKBP25 may cooperate to dampen proliferation signals and improve 

myogenic differentiation. The role of FKBP25 in microtubule dynamics may differ in 

this MET model. It is hypothesised that the sheer complexity and stability of the 
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microtubule network of mature myotubes is another feature that requires FKBP25 

accumulation. An example of this was described in chapter 3, section 3.2.6, where 

models of muscle atrophy and regeneration, known to involve extensive remodelling 

of MT structure, also exhibited increased levels of FKBP25 (Figs 4.13 - 4.16) (350, 

403). Considering these observations, the regulation of proliferation and MT stability 

are crucial regulators of FKBP25 content in MET and EMT. 

The role of FKBP25 in cell biology to date has been poorly described. Here it is  

hypothesised a variety of roles for FKBP25 in cell biology and function including 

proliferation, migration, and anchorage-dependent growth. These roles have 

implications for both physiological and pathological models of differentiation and de-

differentiation.  
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5.1.4 Chapter Aims 

This chapter aims to examine the impact of FKBP25 knockdown on cell biology and 

function of MDA-MB-468 breast cancer cells and C2C12 myoblasts.  

Specific aims:  

7. Generation of doxycycline-inducible shRNA knockdown of FKBP25 in MDA-

MB-468 and C2C12 cell lines. 

8. Examining the impact of FKBP25 knockdown on cell proliferation. 

9. Examining the impact of FKBP25 knockdown on cell migration. 

10. Examining the impact of FKBP25 knockdown on anchorage-dependent growth 

and invasion outgrowth in MDA-MB-468 cells. 

11. Examining the impact of FKBP25 knockdown on C2C12 differentiation. 

12. Examining the impact of FKBP25 knockdown epithelial to mesenchymal 

transition of MDA-MB-468 cells. 
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5.2 Results 

5.2.1 Generation of doxycycline-inducible shRNA knockdown of FKBP25 

in MDA-MB-468 and C2C12 cell lines. 

Our previous data identified that FKBP25 expression is related to the degree of 

differentiation, or lack thereof in myogenic differentiation and EMT, respectively. It was 

identified that as the cells committed to differentiation, there is a substantial increase 

in FKBP25 protein expression, while loss of differentiation was associated with loss of 

FKBP25 protein expression. It is hypothesised that there may be at least two 

consequential factors that are attributing to the expression change in relation to the 

differentiated or de-differentiated phenotype. It is known that FKBP25 is a MT stabiliser 

and, as such, alteration of FKBP25 protein expression may have some impact upon 

MT stability. This impact of MT stability may manifest in many ways, however. In terms 

of differentiation, the focus is on alterations to proliferation as a measurable outcome. 

To adequately assess the impact that FKBP25 expression has on cell function, it is 

aimed to knockdown FKBP25 in MDA-MB-468 and C2C12 cell lines. 

FKBP25 expression was found to be increased in the MDA-MB-468 breast cancer cell 

line compared to other TNCB cell lines (Fig 3.3). This data was further supported in 

an EGF-mediated model of EMT in MDA-MB-468 cells where FKBP25 protein was 

reduced upon de-differentiation and EMT induction (Fig 3.9). Conversely in the C2C12 

differentiation model, it was identified that upon differentiation there is an accumulation 

of FKBP25 expression over time (Fig 4.4). In an attempt to model de-differentiation in 

these cells, C2C12 cells were grown in a suspension culture to induce quiescence. 

Here we were given crucial insight into the function of FKBP25 in relation to the 

working hypothesis. Upon induction of quiescence, it was found that there was some 
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reduction in FKBP25 expression, however, FKBP25 expression was more intricately 

linked to proliferation and re-entry to the cell cycle (Fig 4.8). With these results in mind, 

it was aimed to functionally assess the impact of FKBP25 KD on cell biology and 

function. 

To examine the impact of FKBP25 loss of function on cell biology and function 25KD 

cell lines were developed in MDA-MB-468 and C2C12 cell lines. To develop these cell 

lines doxycycline (dox)-inducible short hairpin RNA vectors (shRNA; SMARTvector, 

Dharmacon, CO, USA) were lentivirally transduced into the cells of interest. Two 25KD 

vectors that transcribe two respective micro RNAs (Mir; Mir2 and Mir3) upon activation 

with dox (0.5µg/ml) were utilised for development of these cell lines. However, despite 

the homology of human and mouse FKBP25, Mir 3 was not adequate to induce 

FKBP25 knockdown in C2C12 myoblasts and, as such, C2C12 studies utilise only one 

mir. A non-targeting (NT) Mir was utilised to control for transfection related effects. All 

transduced cells were selected based on puromycin resistance encoded on the 25KD 

SMARTvectors. Following antibiotic selection, the cells were examined to visualise the 

red fluorescent protein (RFP) reporter that is expressed in concurrently with the 

shRNA (Figs 5.4 and 5.5). Upon confirmation of RFP expression, FKBP25 knockdown 

was confirmed via western blot. It was determined that upon treatment with dox there 

was an observable 70% reduction in FKBP25 protein expression in both MDA-MB-468 

(Fig 5.6) and C2C12 (Fig 5.7) compared to their non-dox treated controls. Following 

the generation of these inducible cell lines in vitro functional and biochemical assays 

could be assessed 
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Figure 5.4: Generation of a doxycycline inducible shRNA knockdown of 
FKBP25 in MDA-MB-468 breast cancer cells 

A) Phase contrast images of FKBP25 knockdown cells. B) Red fluorescence 

protein (RFP) expression in MDA-MB-468 cells upon 72 hours of doxycycline 

treatment. Scale bar = 100µm. Data presented as mean ± SD of n=3, * = 
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Figure 5.5: Generation of a doxycycline inducible shRNA knockdown of 
FKBP25 in C2C12 myoblasts 
A) Phase contrast images of control (i) and induced (ii) knockdown C2C12 

myoblasts. B) Red fluorescence protein (RFP) images of control (i) and induced 

(ii) knockdown C2C12 myoblasts. Scale bar = 100µm. Data presented as mean 

± SD of n=3, * = p≤0.05 
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Figure 5.6: Confirmation of FKBP25 inducible knockdown in MDA-MB-468 
breast cancer cell line 
A) FKBP25 was knocked down in MDA-MB-468 cells using SMARTvector 

doxycycline inducible shRNA constructs, Mir 2 and Mir 3, and a non-targeting (NT) 

control. B) Representative blots. Data presented as mean ± SD of n=3, * = p≤0.05 

Figure 5.7: Confirmation of FKBP25 knockdown in C2C12 myoblasts  

A) FKBP25 was knocked down in C2C12 myoblasts using doxycycline inducible 

SMARTvector shRNA constructs (Mir 2) and a NT control. B) Representative blots. 

Data presented as mean ± SD of n=3, * = p≤0.05 
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5.2.2 FKBP25 knockdown increases cell viability and density over time 

indicating increased proliferation.  

To examine the impact of 25KD on cell proliferation, a combination of biochemical 

assays was utilised. Resazurin (Sigma Aldrich, MO, USA) is a non-fluorescent 

substrate that can be reduced by oxidoreductases in the mitochondria to produce the 

highly fluorescent product, resorufin (404). Measurement of this conversion is an 

indicator of mitochondrial viability which is reflective of the content of living cells in a 

population, however, it does not distinguish dividing and non-dividing cells. Resazurin-

based assays were measured daily for a period of 5 days to track cell viability of 25KD 

compared to NT control and non-dox treated controls. In conjunction with cell viability, 

cell accumulation was observed using Diff-Quick stain (Histolabs, Australia). After 

staining, the plates were scanned, and density was quantified. Here it was 

hypothesised that 25KD, based on the assumption that FKBP25 would impair MT 

stability, would lead to increased cell division.  

It was found that over the five-day period there was a significant increase in cell 

viability and density for both MDA-MB-468 (Fig 5.8) and C2C12 (Fig 5.9). (109) MDA-

MB-468 active Mirs 2 and 3 display significantly increased cell viability measurements 

compared to NT and non-dox treated controls (Fig 5.8 A). Furthermore, this is 

supported by an increase in cell accumulation measured by staining intensity of cells 

at the assay end point (Fig 5.8 B and C). In combination, these data indicate that there 

is an increase in proliferation in response to 25KD. Similarly, the same trend was 

identified in C2C12 myoblasts where the active Mir2 displayed an increase in cell 

viability measurements compared to controls (Fig 5.9 A). This was supported by an 

increase in cell accumulation density staining (Fig 5.9 B and C). This data supports 



159 
 

the hypothesis that loss of FKBP25 expression is associated with a proliferative 

phenotype. 

 

  

Figure 5.8: FKBP25 knockdown increases cell viability and cell 
accumulation over time in MDA-MB-468 breast cancer cells 

A) Cell viability measured using Resazurin dye demonstrates that FKBP25 

knockdown (Mir 2 and 3) is increased compared to the non-targeting Mir. B) 
Measured staining density of cells following a 5-day growth period indicating that 

the active knockdown increases the number of cells over time. C) Representative 

cell density staining. Data presented as mean ± SD of n=3, * = p≤0.05 
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Figure 5.9: FKBP25 knockdown increases cell viability and cell 
accumulation over time in C2C12 myoblasts 
A) Cell viability measured using AlamarBlue demonstrates that FKBP25 

knockdown (Mir 2) is increased compared to the non-targeting Mir in C2C12 

myoblasts B) Measured staining density of cells following a 5-day growth period 

indicating that the active knockdown increases the number of cells over time. C) 
Representative cell density staining.  All data is presented as mean ± SD, n=3, * 

= p≤0.05. 
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5.2.3 FKBP25 knockdown enhances C2C12 myoblast wound healing but 

not chemotactic migration of MDA-MB-468 cells.  

The second cell function to be assessed with 25KD was cell migration. To accurately 

assess the behaviours of the two cell lines of interest, it was appropriate to utilise two 

separate models of migrations, including chemotactic migration and wound healing. 

Chemotactic migration is a process in which cells are attracted to a chemical attractant 

(chemoattractant) and proceed to migrate toward such attraction. Both normal and 

cancer cells have the capability to carry out chemotaxis, however,  certain genomic 

mutations (including PTEN) are associated with increased propensity to perform 

chemotaxis (405). It is well established that cancer cells migrate via chemotaxis toward 

sites that contain high concentrations of chemoattractant, such as growth factors 

(EGF, FGF, VEGF, outlined in (406)). MDA-MB-468 cells were examined using 

chemotactic migration assays, also referred to as a Boyden’s chamber assay. This 

method of migration was selected to measure cancer cell migration, as it most closely 

represents the fashion in which cancer cells would migrate from one site to another. 

Cells were plated into the top chamber of a two-chamber apparatus separated by a 

porous membrane (8µm polycarbonate membrane coated in collagen 4). The bottom 

chamber contained the chemoattractant (either 10ng/m EGF, or fibroblast conditioned 

medium), after assay completion the membrane was fixed and stained to allow the 

migrated cells to be counted (as described in (407)). It was determined that 25KD did 

not alter chemotactic migration of MDA-MB-468 cells toward either EGF (Fig 5.10) or 

fibroblast conditioned medium (Fig 5.11). Further studies should examine other 

methods of MDA-MB-468 migration.  
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Figure 5.10:  FKBP25 knockdown does not impact upon chemotactic migration 
toward epidermal growth factor (EGF) 
A) Following FKBP25 knockdown MDA-MB-468 cells did not show any difference in 

chemotactic migration toward epidermal growth factor. B) Representative phase 

contrast images of migrated FKBP25 knockdown MDA-MB-468 cells. Scale bar = 

100µm. Data presented as mean ± SD of n=3, * = p≤0.05 

Figure 5.11: FKBP25 knockdown does not impact upon chemotactic 
migration toward fibroblast conditioned medium 

A) Following FKBP25 knockdown MDA-MB-468 cells did not show any difference 

in chemotactic migration toward fibroblast conditioned medium. B) 
Representative phase contrast images of migrated FKBP25 knockdown MDA-

MB-468 cells. Scale bar = 100µm. Data presented as mean ± SD of n=3, * = 

p≤0.05 
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In contrast, C2C12 migration was examined using a wound healing assay. This assay 

was selected to measure myoblast migration as it is similar to the manner in which 

myoblasts would migrate to regenerate damaged muscle tissue (408). Wound healing 

assays are used to analyse collective migration, a process by which a monolayer of 

cells move communally as wounded edge becomes polarised and leads the cell 

movement (409, 410). This method of migration is characteristic of non-cancer cells. 

During this assay, confluent C2C12 myoblasts were scratched to create a wound 

within the cell monolayer. Live imaging was used to take images at regular intervals 

and produce a time lapse video to analyse cell migration. It was determined that 

C2C12 cells containing active 25KD Mir2 were able to close the ~400µm wound while 

the control cells remained unclosed (Fig 5.12 A). Upon quantification, it was found 

that 25KD improves wound closure time by 20% (Fig 5.12 B, difference between 

controls ~80% closure when active Mir2 reaches 100% closure). Thus, in addition to 

C2C12 proliferation, 25KD improves C2C12 wound healing migration. Further studies 

could add to this finding and observe the impact of 25KD on other modes of migration, 

including chemotactic migration in C2C12 myoblasts.  
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Figure 5.12: FKBP25 knockdown increases wound healing migration of 
C2C12 myoblasts 
A) After 20 hours of migration cells containing Mir 2 FKBP25 knockdown can fully 

close the wound, while the NT control closes ~80%. B) Quantified wound closure. 

All data is presented as mean ± SD, n=3, * = p≤0.05. 
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5.2.4 FKBP25 knockdown reduces anchorage-dependent growth of 

MDA-MB-468 cells but not invasion outgrowth. 

After comparing the biology of C2C12 and MDA-MB-468 cells containing 25KD, next 

it was aimed to evaluate the impact of cell-specific functions of these cell models. In 

the first instance, MDA-MB-468 cells were examined to assess their ability to form 

anchorage-dependent and -independent colonies in vitro with 25KD. The formation of 

both anchorage-dependent and -independent colonies is indicative of cell survival 

capacity and metastatic potential, respectively (391). Anchorage-dependent growth is 

required for normal proliferation and cell growth. In a cancer cell, while cells may not 

be dependent on anchorage for growth, this feature is required for colonisation at a 

secondary site. When cells metastasise, there are few cells that are able to survive 

the harsh process and, as a result, single cells often colonise to form a secondary 

tumour (411). This process is measured using the anchorage-dependent growth 

assay. To assess anchorage-dependent growth, FKBP25 knockdown cells were 

plated at very low confluence, either 1x103 or 5x103 cells per well and allowed to 

colonise for 14 days. It was determined that there is a significant decrease of 

anchorage-dependent colony formation of MDA-MB-468 25KD cells at both low (Fig 

5.13 A) and high density (Fig 5.13 B) compared to their respective controls. This result 

suggests that 25KD is not beneficial for anchorage-dependent growth, which may be 

a result of altered adhesion properties. Analysis of substrata adhesion should be 

considered as part of future studies.   
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Figure 5.13: FKBP25 knockdown results in decreased ability to form 
anchorage dependent colonies at both low and high seeding density  

A) At low seeding density (1x103 cells per well) FKBP25 knockdown (mir 2 and 

3) forms less colonies than the NT control. B) At high seeding density (5x103 

cells per well) FKBP25 knockdown forms less colonies than the NT control. Data 

presented as mean ± SD of n=3, * = p≤0.05 
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The invasive properties of a cell line can be assessed using a variety of in vitro 

methods. The Matrigel invasion-outgrowth assay assesses the ability of cancer cells 

to form colonies within the substrata, degrade and invade the matrix (412). Next, 

invasion out-growth was examined in MDA-MB-468 25KD cells. This was achieved by 

culturing 1x104 cells on top of a Matrigel ECM base layer to mimic cell growth in the 

presence of a basement membrane. It was found that 25KD did not alter the ability of 

MDA-MB-468 cells to invade the Matrigel (Fig 5.14). The addition of an exogenous 

stress, such as serum deprivation, may have pushed the cells further to determine if 

they were able to survive in high stress conditions and further elucidated if FKBP25 is 

required for invasion out-growth. A potential limitation of this assay is that MDA-MB-

468 cells have weak metastatic propensity compared to other breast cancer cells. It 

was hypothesised that 25KD would increase their metastatic propensity, but this assay 

was possibly too great of a challenge on their phenotype (discussed in (413)). Overall, 

25KD induced a cell growth change that is present in both MDA-MB-468 and C2C12 

cell lines, however, this was not carried over into measures of the metastatic 

phenotype of MDA-MB-468 cells.    

  

  



168 
 

 

Figure 5.14: FKBP25 knockdown does not impact upon invasion out-growth 

A) Following 5 days of invasion outgrowth in Matrigel FKBP25 knockdown MDA-

MB-468 spheres were measured using Olympus CellSens software, B) 
Representative phase contrast images of FKBP25 knockdown MDA-MB-468 cells. 

Scale bar = 50µm. All data is presented as mean ± SD, n=3, * = p≤0.05. 
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5.2.5 FKBP25 knockdown does not impair markers of myogenesis or 

fibre size of differentiated C2C12 myotubes.  

Following the functional assessment of 25KD on MDA-MB-468 cell function, next it 

was aimed to assess the impact of 25KD on C2C12 myogenesis. To examine the 

impact on myogenesis, first,  the impact of 25KD on myoblasts alone must be 

observed. Upon 25KD, it was found that there was a significant reduction in FKBP25 

protein expression (Fig 5.15 A), but no changes to myogenin or MyoD (Fig 5.15 B 

and C). 

Interestingly, there was no reduction in MyoD expression in 25KD myoblasts (Fig 5.15 

C and D). A reduction in MyoD suggests that there is still active proliferation occurring 

and cells remain active in the cell cycle, consistent with our finding that there was an 

increase in cell proliferation (Fig 5.9). Next, it was endeavoured to explore the effects 

of 25KD on C2C12 differentiation. Using this doxycycline-inducible model posed some 

issues surrounding myoblast differentiation. Upon investigating  the issue, it became 

apparent that C2C12 differentiation is inhibited by the presence of doxycycline (45). 

This issue was overcome by treating the myoblasts with doxycycline to induce 25KD 

prior to initiation of differentiation. Here it was found that 25KD was able to be 

maintained for 120 hours during the differentiation period (Fig 5.16 A).  
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Figure 4.15: Impact upon myogenic factors following FKBP25 knockdown 
in C2C12 myoblasts 
A) 25KD is induced upon treatment with doxycycline. B) There are no observed 

changes to myogenin expression in myoblasts. C) MyoD expression is 

unchanged in myoblasts. D) Representative blots. All data is presented as mean 

± SD, n=3, * = p≤0.05.  
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Figure 5.16: FKBP25 knockdown does not impact upon features of 
myogenic differentiation or myogenic regulatory factors 
A) 25KD knockdown was maintained throughout C2C12 differentiation. B) – E) 
25KD did not impact upon fast myosin heavy chain, myogenin, or MyoD protein 

expression in differentiated C2C12 myotubes. All data is presented as mean ± 

SD, n=3, * = p≤0.05.  
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Here it was observed no differences to fast myosin heavy chain, indicating that there 

were no changes to myotube formation (Fig 5.16 B). Following examination of other 

myogenic factors, myogenin and MyoD, no changed were observed (Fig 5.16 C and 

D). To further describe the impact of 25KD on myogenesis,  myotube formation was 

investigated. While there were some changes in the expression of myogenic factors, 

upon examination of myotube measurement, it was found that there were no 

differences in myotube diameter (Fig 5.17). Considering the changes observed in 

25KD cells, next it was hypothesised that while there was no net change in myotube 

formation there could be alterations to the number of cells that form a single myotube 

– known as fusion index. This hypothesis was further supported by increased 

proliferation and migration (described in sections 5.2.2 and 5.2.3) observed with 25KD. 

To assess fusion index, 25KD cells were differentiated and stained with myosin heavy 

chain and nuclear stain, DAPI. Fusion index was calculated by counting the number 

of nuclei in myosin heavy chain positive myotubes as a proportion of total nuclei (Fig 

5.18 A). However, upon quantification it was found that there were no differences in 

fusion index of 25KD myotubes (Fig 5.18 B). Together, these results suggest that 

25KD in C2C12 myoblasts does not alter myotube fusion or terminal differentiation in 

vitro.  
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Figure 5.17: FKBP25 knockdown does not impair myotube formation in vitro 
A) Myotube formation after 120 hours of differentiation post FKBP25 knockdown 

resulted in no morphological alterations compared to NT control. B) Myotube diameter 

(i-v) was measured at 24 to 120-hour timepoints, from phase contrast microscopy. 

These measurements were not found differ upon FKBP25 knockdown. All data is 

presented as mean ± SD, n=3, * = p≤0.05.  



174 
 

  

Figure 5.18: FKBP25 knockdown does not impair myoblast fusion index 
A) Staining of DAPI and Myosin heavy chain (MyHC) were used to determine the 

number of nuclei per MyHC positive fibre to calculate the number of myoblasts that 

have fused to form a myofibre. B) Quantification of nuclei per MyHC positive fibre 

revealed that there are no alteration to fusion index upon 25KD. Representative 

images of n=3, scale bar 100µm. 
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5.2.6 FKBP25 knockdown increases susceptibility to EGF mediated 

EMT by increasing markers E cadherin and vimentin.  

Finally, to examine the impact of FKBP25 on EMT, EMT was induced in the presence 

of 25KD and measured associated morphology and molecular markers. To include 

this phenotype, cells were cultured as described in section 2.2.4. In brief, cells were 

plated at low confluence in the presence of dox to induce 25KD, following 24h of dox 

treatment, cells were serum deprived overnight followed by treatment with 50ng/ml of 

EGF for 72h. As previously observed in section 3.2.3, MDA-MB-468 cells undergo a 

morphological change upon treatment with EGF. The current study has replicated that 

finding, and further described that the addition of 25KD does not exacerbate these 

morphological changes (Fig 5.19). Upon molecular investigation, quantification of 

markers of EMT, including E cadherin and vimentin, revealed that there was a 

significant increase in vimentin expression in the active Mirs (2 and 3) with 25KD (Fig 

5.20 A). However, this change was not different between EGF only and EGF with dox 

treated groups, indicating that the change was not caused by 25KD (Fig 5.20 B). 

Interestingly, quantification of E cadherin demonstrated that there was in fact a 

cumulative decrease in expression facilitated by 25KD in addition to EMT (Fig 5.20 

C). Interestingly, this reduction in E cadherin upon 25KD is reflective of the low levels 

of FKBP25 in mesenchymal breast cancer cell line MDA-MB-231, which does not 

express E cadherin.     
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Figure 5.20: FKBP25 knockdown exacerbates EMT markers E cadherin and 
vimentin upon EGF mediated EMT induction 
A) Representative blot of EGF mediated EMT in FKBP25 knockdown cell lines 

treated with dox to induce knockdown, and/or EGF to mediate EMT. B) Vimentin 

is significantly further increased in Mir 3 compared to NT. C) E cadherin is further 

decreased in both Mir 2 and 3 compared to NT upon FKBP25 knockdown with 

EGF mediated EMT. All data is presented as mean ± SD, n=3, * = p≤0.05.  
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To assess the impact of 25KD on EGF signalling, we have interrogated downstream 

targets, including Akt and MAPK phosphorylation (Fig 5.21). Upon EGF binding to the 

EGFR, a cascade of events leads to EMT-related signalling. One such pathway that 

is affected is the MAPK pathway. Binding to tyrosine kinase receptors leads to 

activation of the RAS/MEK/ERK-MAPK signalling cascade, which results in 

proliferation signalling stimulus to the cell. Over stimulation of this pathway is known 

to result in excessive proliferation as Ras is a well described oncogene (Reviewed in 

(414)). Erk-MAPK kinase activity is required for cell cycle entry and suppression of 

negative regulators of the cell cycle (415). Additionally, Erk signalling is essential in 

activating transcription factors, including c-Myc, which, in turn, play a role in activation 

of the cell cycle (14). As such, aberrant EGFR signalling results in oncogenic Erk 

signalling. The PI3K-Akt pathway is also impacted upon by EGFR signalling. 

Hyperactivation of this pathway results in altered cell metabolism, proliferation, and 

survival. Akt phosphorylation can occur at two sites, Thr308 and Ser473, which will 

activate the kinase properties of Akt. Each of these phosphorylation sites are facilitated 

by different kinases, Thr308 by PI3K, and Ser473 by mTORC2 (416). Here we have 

treated MDA-MB-468 25KD cells with EGF at 10ng/ml over a 30-minute time course. 

Upon quantification of EGFR downstream targets, it was found that there are no 

changes to Akt phosphorylation at Ser473 (Fig 5.22), or Erk at Thr202/Tyr204 (Fig 

5.23). These results indicate that the changes that were found in 25KD EMT may be 

the result of longer EGF stimulation to induce EMT-related factors.  
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Figure 5.21: Epidermal growth factor receptor (EGFR) signalling 

Upon EGF ligand binding to the EGFR there is activation of both Erk (A) and Akt 

(B) signalling pathways. Both pathways result in a series of cell survival, growth, 

anti-apoptotic, and EMT signals. Made with Biorender.com. 
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Figure 5.22: FKBP25 knockdown does not alter Akt signaling in response to 
EGF stimulation 
A) Upon stimulation with EGF there are no significant changes to AKT 

phosphorylation in MDA-MB-468 cells with 25KD. B) Representative blots. Data 

presented as mean ± SD of n=3, * = p≤0.05 
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Figure 5.23: FKBP25 knockdown does not alter Erk signaling in response to 
EGF stimulation 
A) Upon stimulation with EGF there are no significant changes to ERK 

phosphorylation in MDA-MB-468 cells with 25KD. B) Representative blots. Data 

presented as mean ± SD of n=3, * = p≤0.05 
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5.2.7 FKBP25 knockdown does not impact upon tubulin post-

translational modifications, or microtubule regulating protein stathmin  

One of the known functions of FKBP25 is its ability to bind to and stabilise microtubule 

(MT) polymers (109). Upon examination of a variety of functional studies throughout 

this chapter, it was hypothesised that the impact of 25KD would result in a reduction 

of MT stability. This reduction in MT stability would give cells a proliferation advantage 

due to increased MT plasticity, specifically in the context of mitotic spindle formation. 

Here we have examined the impact of 25KD on two tubulin post translation 

modifications (PTM), acetylation and detyrosination. Tubulin acetylation is a PTM that 

is associated with increased MT stability that is facilitated by alpha tubulin 

acetyltransferase 1 (αTAT1) (417). Similarly, tubulin detyrosination is also associated 

with polymerised MTs as it is required to form the bond between monomers (418). 

Previously, we had identified that 25KD in C2C12 myoblasts resulted in changes to 

proliferation and migration (section 5.2.2 and 5.2.3) which were attributed to  

hypothesised alterations in tubulin stability. Here we have found that tubulin 

acetylation is unaffected by 25KD (Fig 5.24 A and D), which was also observed in 

relation to tubulin detyrosination (Fig 5.24 B and D). Conversely, in MDA-MB-468 

cells, where 25KD was found to induce increased proliferation (see section 4.2.2), no 

alterations to tubulin PTMs were identified (Fig 5.25). It appears that this phenomenon 

may be exclusive to normal cells, while cancer cells remain unaffected. 

Next, the expression of a MT destabilising molecule, known as Stathmin, was 

assessed. Stathmin binds to MT polymers and sequesters tubulin heterodimers to 

induce catastrophe (419). Stathmin is post-translationally modified by serine 

phosphorylation to prevent tubulin binding and this encourages MT polymerisation 

(420). Here we have examined total stathmin in both C2C12 myoblasts (Fig 5.24 C 
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and D) and MDA-MB-468 (Fig 5.25 C and D) where it was found that while there was 

no change to stathmin expression. To further analyse the impact of 25KD on MT 

stability, next we examine the proportion of free and polymerised tubulin. 

One of the fundamental roles of FKBP25 is its function as a MT stabilising molecule. 

To assess this role a series of MT polymerisation assays were completed in which the 

soluble (free tubulin) and insoluble (polymerised MT) were fractioned by high-speed 

ultracentrifugation. Cells were collected under two conditions, control condition in 

complete growth medium, or in the presence of paclitaxel (1µm for 1 hour). Paclitaxel 

treatment forces the maximal amount of MT polymerisation to be undertaken in the 

absence of FKBP25. First, we examined C2C12 25KD cells and found that under both 

control (Fig 5.26) and paclitaxel treated (Fig 5.27) there are no significant differences 

to the proportion of polymerised tubulin. Similarly, in MDA-MB-468 cells, there are no 

observed differences in either control (Fig 5.28) or paclitaxel treated (Fig 5.29). These 

results suggest that FKBP25 is potentially not an indispensable MT stabilising 

molecule, such that its loss is not substantial to impair MT polymerisation.  
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Figure 5.24: FKBP25 knockdown in C2C12 myoblasts does  not  affect 
tubulin modifications associated with microtubule stability  

A) FKBP25 knockdown does not impair tubulin acetylation. B) or tubulin 

detyrosination. C) Total Stathmin-1 expression is unchanged. D) Representative 

blots. All data is presented as mean ± SD, n=3, * = p≤0.05 
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Figure 5.25: FKBP25 knockdown in MDA-MB-468 cells does not affect 
tubulin modifications associated with microtubule stability  

A) FKBP25 knockdown does not impair tubulin acetylation. B) FKBP25 

knockdown does not impair detyrosinated tubulin. C) Total Stathmin-1 

expression is unchanged upon 25KD. D) Representative blots. All data is 

presented as mean ± SD, n=3, * = p≤0.05 
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Figure 5.26: FKBP25 knockdown is not sufficient to alter the proportion of 
polymerised tubulin in C2C12 cells 
A) FKBP25 KD does not alter MT polymerisation under control conditions (i.e., 

complete medium). B) Representative blot (SN = Supernatant/soluble free 

tubulin monomers, P= Pellet/Polymerised MT filaments). All data is presented as 

mean ± SD, n=3, * = p≤0.05. 
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Figure 5.27: FKBP25 knockdown is not sufficient to alter the proportion of 
polymerised tubulin in C2C12 cells pre-treated with paclitaxel  
A) FKBP25 KD does not alter MT polymerisation in the presence of paclitaxel 

(i.e., MT stabilising drug). B) Representative blot (SN =  Supernatant/soluble free 

tubulin monomers, P= Pellet/Polymerised MT filaments). Representative blot. All 

data is presented as mean ± SD, n=3, * = p≤0.05. 
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Figure 5.28: FKBP25 knockdown is not sufficient to alter the proportion of 
polymerised tubulin in MDA-MB-468 cells 
A) FKBP25 KD does not alter MT polymerisation under control conditions (i.e., 

complete medium). B) Representative blot (SN = Supernatant/soluble free 

tubulin monomers, P= Pellet/Polymerised MT filaments). All data is presented as 

mean ± SD, n=3, * = p≤0.05. 
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Figure 5.29: FKBP25 knockdown is not sufficient to alter the proportion of 
polymerised tubulin in MDA-MB-468 cells pre-treated with paclitaxel  
A) FKBP25 KD does not alter MT polymerisation in the presence of paclitaxel 

(i.e., MT stabilising drug). B) Representative blot (SN =  Supernatant/soluble free 

tubulin monomers, P= Pellet/Polymerised MT filaments). Representative blot. All 

data is presented as mean ± SD, n=3, * = p≤0.05. 
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5.3 Discussion 

5.3.1  FKBP25 knockdown increases cell viability and density over time 

indicating increased proliferation. 

The roles of FKBP25 have been briefly described in the literature in a small sample of 

cell types. To date, it has been determined that FKBP25 functions as a MT stabiliser, 

nucleic acid binding protein, and a mediator of DNA repair (109, 111, 112). These 

functions have only been examined in selected cell lines, not specifically in the context 

of cancer cell function, or a physiological process such as cell differentiation. To 

assess the role of FKBP25 in these processes, 25KD was induced in two cell lines, 

MDA-MB-468 (Figs 5.4 and 5.6) and C2C12 (Figs 5.5 and 5.7). Here we have shown 

for the first time that 25KD resulted in an increase in cell viability and cell accumulation 

of both MDA-MB-468 (Fig 5.8) and C2C12 cells (Fig 5.9). These findings contradict 

the current literature which suggests that 25KD would result in a reduction in 

proliferation (109). Considering these factors, it may be that short term 25KD results 

in an increase in proliferation, while over time insufficiency overtakes and reduces net 

proliferation. To further elucidate the impact of 25KD on cell proliferation a more direct 

assay, such as a bromodeoxyuridine (BrdU) incorporation assay, could be used to 

accurately measure DNA synthesis as an indicator of proliferation is needed.  

It is also important to consider the role of FKBP25 in cell proliferation as a MT 

stabiliser. In the absence of MT stabilisation, the cells MT may be more dynamic. This 

could improve the ability of the cells to undergo mitosis hence the increase in 

proliferation that we have observed. This may be a double-edged sword, as the MT 

are potentially less stable increasing the error margin in chromosome separation 

potentially resulting in an accumulation of somatic mutations (109, 421). In the context 
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of normal cells, in this case myoblasts, there could be an increase in regenerative 

capacity in the absence of FKB25 that results in increased proliferation. This finding 

may hold more translational merit in  regeneration of skeletal muscle myoblasts (or 

satellite cells) for damage repair. It is established that loss of the satellite cell pool 

results in reduced regenerative capacity (319). It is hypothesised that a reduction in 

FKBP25 in satellite cells may transiently increase their proliferation and result in an 

increase in the satellite cell pool. This increase in cells may consequently increase the 

capacity of regeneration of skeletal muscle. Further research is required to consolidate 

these hypothesises.  

5.3.2  FKBP25 knockdown improves C2C12 myoblast wound healing but 

not chemotactic migration of MDA-MB-468 cells.  

To adequately examine the impact of 25KD on the two cell lines of interest, separate 

migration assays were utilised. MDA-MB-468 cells were examined using a two-

chamber chemotactic migration assay which is more representative of how cancer 

cells would migrate (422). Comparatively, C2C12 cells were assessed with a wound 

healing assay which would more accurately measure adherent migration that 

myoblasts would undertake (423). Here it was found that while 25KD had no impact 

upon MDA-MB-468 chemotactic migration (toward EGF or FbCM, Fig 5.10 and 5.11), 

there was a significant increase in migration in 25KD C2C12 cells (Fig 5.12).  

It is important to remember the characteristics of the cell types being examined. MDA-

MB-468 are an epithelial-like breast cancer cell, which behave similarly to epithelial 

cells, such that they maintain polarity and cell to cell adhesions. Compared to other 

breast cancer cell lines, MDA-MB-468 cells have a relatively low invasive and 

migratory potential as reflected by a series of markers, including integrins and 
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adhesion molecules (424). Considering this, it may be a cell line-dependent finding 

and measuring migration/chemotaxis may be difficult in MDA-MB-468 cell line. 

Similarly, it is typical of cancer cells to adapt quickly to alterations in their environment. 

It is possible that upon 25KD, MDA-MB-468 cells are able to acclimate to this event 

better than normal healthy cells, such as C2C12 cells. For example, 25KD results in 

increased migration ability in normal C2C12 cells but not breast cancer cells, likely 

due to the plethora of factors and pathways that are implicated in cell migration (425). 

Future studies should consider examining migration in additional breast cancer cell 

lines.  

5.3.3 FKBP25 knockdown reduces anchorage-dependent growth of 

MDA-MB-468 cells but not invasion outgrowth. 

Upon progression of cells to mesenchymal phenotype they lose their requirement for 

anchorage-dependent growth and gain an ability for anchorage-independent growth  

(426). This is largely facilitated by the cell’s ability to adapt and overcome the 

requirement for anchorage to medicate cell cycle progression. Under normal 

conditions the binding of cell integrins to the ECM elicits a cascade of events that result 

in cell cycle progression (427). However, upon mesenchymal progression, these 

signalling events occur in the absence of integrin binding and anchorage – resulting in 

anchorage-independent growth. Anchorage-independent growth refers to the ability of 

mesenchymal cancer cells to grow without being anchored to an ECM (428). This  

event  allows metastatic cells to grow in a secondary site where they would otherwise 

not survive (429). Additional assays can be utilised to assess the invasiveness of a 

particular cell line by culturing cells on a basement membrane preparation (412) 

Considering the previous findings that we have identified linking FKBP25 and EMT,  

we hypothesised that 25KD would be beneficial to the EMT program. Specifically, that 
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25KD would benefit both anchorage-dependent growth and invasion out-growth in 

vitro. Contrary to our hypothesis, it was found that 25 KD compromised anchorage-

dependent growth. Considering that   MDA-MB-468 cells are not mesenchymal cells, 

we found that at low density (1x103 cells, Fig 5.13 A) there was a significant reduction 

in colony formation. This was replicated at high density (5x103 cells, Fig 5.13 B) where 

the same significant reduction in colony formation was observed. Additionally, the 

invasion out-growth assay results suggested that 25KD had no effect on colony 

formation in Matrigel (Fig 5.14). Considering the non-mesenchymal phenotype of 

MDA-MB-468 cells, these assays may have been too stringent to see the 

hypothesised functional changes. Alternatively, these assays could be performed on 

EGF-mediated EMT MDA-MB-468 cells to overcome the limitations of using a basal 

breast cancer cell type.45.3.4 FKBP25 knockdown does not impair markers of 

myogenesis or myotube size of differentiated C2C12 myotubes.  

To functionally assess the role of FKBP25 in myogenesis we have examined the 

impact of 25KD on induction of myogenic regulatory factors and myotube size. 

Myogenesis is the process of myoblast fusion to form mature myotubes which is 

regulated by a series of myogenic regulatory factors, including MyoD1 and myogenin 

(Discussed in chapter 4). The expression of myosin heavy chain (MyHC) is an 

essential component of the contractile apparatus of myotubes that distinguishes them 

from myoblasts. As such, a comprehensive examination of these molecular markers 

of myogenesis was required to examine in the impact of 25KD. Upon induction of 25KD 

(0.5µg/ml dox for 72h prior to differentiation induction, described in section 2.2.1, for 

120 hours or 5 days). It was found that C2C12 myotubes were able to maintain 25KD 

through the differentiation period equivalent to the 25KD achieved in myoblasts (Fig 

5.15 A-C). Despite maintenance of 25KD, it was identified that there were no 
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significant changes to myogenin or MyoD in myoblasts. An anticipated reduction in 

MyoD may have explain the increase in proliferation that were observed in 25KD cells, 

however, this was not the case. It has been demonstrated that there may be a 

feedback loop acting in myogenic differentiation implicating MDM2 (a repressor of 

FKBP25) and MyoD. This feedback loop suggests that MDM2 prevents MyoD 

promotor binding to the MyoD response elements to initiate withdrawal from the cell 

cycle (430). Concurrent with unchanged myogenic factors in 25KD myoblasts there 

was no observable change to fast myosin heavy chain expression in 25KD myotubes 

(Fig 5.16 A and B)  Interestingly, it has been shown that transcription factor YY1 

becomes reduced upon C2C12 differentiation (431), and it has previously been 

identified that FKBP25 interacts with YY1 (173). These findings contradict our original 

hypothesis that 25KD would reduce myogenesis and induction of myogenic factors.  

Next, we considered the impact of 25KD on myotube size and myoblast fusion. Here 

it was hypothesised that 25KD would impair myotube size and myoblast fusion due to 

the increased dynamic instability of the MT network. However, it was found that there 

were no differences in myotube size (Fig 5.17). Post-translational modifications to 

tubulin result in modifications to the stability of the MT polymers, with  detyrosination 

of tubulin monomers resulting in increased stability. It has previously been identified 

that MT stability is a factor in myogenesis and disruption to MT stability impairs 

myogenesis (432).  While myotube size was not directly impacted, we hypothesised 

that there may be some impact upon the number of myoblasts required to form mature 

myotubes considering the changes to migration observed in 25KD myoblasts (Fig 

5.12). Following fusion index analysis, it was confirmed that 25KD had no impact on 

myoblast fusion (Fig 5.18). Together, this data may indicate that in terms of 

regeneration, a reduction in FKBP25 may be important for increasing the proliferative 
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and migratory capacity of myoblasts only, while not having an impact upon terminal 

differentiation and fusion. Examining the influence of 25KD in myogenesis in other 

models, including human myoblasts may provide further insights into the role of 

FKBP25 in cell differentiation.  

5.3.5 FKBP25 knockdown increases markers of epithelial to 

mesenchymal transition in MDA-MB-468 cells  

To further elucidate the impact of FKBP25 on the EMT process we  induced EMT in 

25KD cells using EGF (as described in 3.2.3). It was found that upon 25KD there  were 

no obvious morphological changes (Fig 5.19). Nevertheless, we have observed a 

25KD effect on E cadherin reduction (Fig 5.20 A and B), however, this effect was not 

seen with vimentin expression (Fig 5.20 A and C). EGF signalling is an essential 

pathway in the facilitation of EMT, namely the signalling cascade activates Snail and 

Slug transcriptional pathways (433). These transcription factors are required for 

inhibition of E cadherin expression and induction of intermediate filament switching to 

vimentin (434, 435). To date, there is no research that has investigated the link 

between FKBP25, EGF signalling, or EMT. EGFR signalling is intricately linked to EMT 

as it is overactivated  in many epithelial cancers and is closely associated with poor 

patient outcomes (436, 437). EGFR signalling activates an abundance of molecular 

mediators including PI3K, Akt, Erk, and nuclear factor-κB (438-441). Here we have 

focused on the roles of Akt and Erk signalling in EMT. The role of Akt in cancer 

progression and EMT is largely associated with pro survival and anti-apoptotic 

signalling, including suppression of pro-apoptotic factor Bcl-2 associated death 

promoter (BAD) and cAMP response element-binding protein (CREB) associated 

survival genes (442, 443). However, in our models we were unable to identify changes 
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to Akt phosphorylation upon EGF stimulation (Fig 5.22). Likewise, Erk signalling was 

unaffected in our 25KD models (Fig 5.23). In contrast to Akt signalling, Erk signalling 

is principally linked to the cell cycle and its progression (444, 445). This study could 

be optimised by inducing EMT in 25KD cells prior to stimulation with EGF to observe 

if there is a change in the signalling activation compared to normal conditions. While 

there are no current studies that proposed any link between FKBP25 and signalling 

molecules, we have shown that upon EGF mediated EMT there is a reduction in 

FKBP25 expression. However, our previous study demonstrated that upon treatment 

with small molecule inhibitors  there were  no alterations to FKBP25 protein expression  

(Fig 3.10). Together this data suggests that FKBP25 protein expression in EMT may 

not be occurring though signalling events caused by EGF stimulation directly.  

5.3.6 FKBP25 knockdown does not alter tubulin post translational 

modifications associated with tubulin polymer stability in C2C12 

myoblasts but not MDA-MB-468 cells. 

The final aspect of this study involved examining the impact of 25KD on tubulin 

polymerisation and stability in both MDA-MB-468 and C2C12 cells. FKBP25 is a 

known MT associated protein that acts to promote MT polymer stability (See Fig 5.3). 

The stability of the MT network of a cell is integral for many cell functions including 

mechanical support, cytoplasmic organisation, cytoplasmic cargo transport, cell 

movement, and chromosome separation (reviewed in (160)). MT dynamics are 

described as dynamically instable, which refers to the coexistence of both 

polymerisation and depolymerisation of a single MT. The growing end of the MT is 

referred to as the ‘plus end’ which can be capped by end binding proteins (EB family 

of proteins). During plus end growth of the MT,  tubulin monomers are in a GTP-bound 
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state which acts as a structural stability modification. Hydrolyzation of this GTP bound 

state results in GDP-bound monomers, subsequently causing depolymerisation. MT’s 

are able to be post -translationally modified to enhance their stability. Common PTM’s 

of MTs include acetylation, detyrosination, and phosphorylation (446). Tubulin 

acetylation is associated with MTs that have been formed for an extended period of 

time, such as structural filaments (447). Detyrosination of the MT plus end refers to 

the removal of a tyrosine residue on the C terminal of the polymer to expose a 

glutamine residue. Detyrosinated MTs have a longer half-life and are less dynamic 

compared to Glu-MTs (448). To assess the impact of 25KD on MT stability first we 

have examined detyrosination and acetylation PTM’s. Here it was found that in C2C12 

myoblasts there were no changes to acetylation (Fig 5.24 A and D), or detyrosinated 

alpha tubulin (Fig 5.24 B and D). Suggesting that 25KD was insufficient to impact 

upon tubulin modifications in vitro. Similarly, in MDA-MB-468 cells there was no 

change to tubulin acetylation (Fig 5.25 A and D), although there were no changes to 

tubulin detyrosination (Fig 5.25 B and D). One such explanation for the differences in 

tubulin detyrosination between the two cell lines may be confluence of the cultures 

upon sample collection (449). To avoid differentiation of C2C12 myoblasts the cultures 

must remain highly sub confluent (~70% confluence). While MDA-MB-468 cells tend 

to grow in clusters despite their malignant phenotype these cells maintain some 

epithelial characteristics, namely anchorage-dependent growth. Considering this, it is 

likely that as the MDA-MB-468 cells became increasingly confluent, the pool of 

detyrosinated MTs may have become saturated in 25KD cells. Next, we  studied the 

expression of stathmin, a molecule that is involved in promoting MT depolymerisation 

(450). Here it was identified that 25KD in C2C12 myoblasts did not affect stathmin 

expression (Fig 5.24 C and D). Similarly, in MDA-MB-468 cells there were no 
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observed changes in stathmin levels (Fig 5.25 C and D). To further examine the role 

of 25KD on MT stability future studies should consider examining more markers of 

tubulin stability and different culture conditions, such as confluence.  

To assess the impact of 25KD on MT polymerisation the soluble and insoluble 

proportions of tubulin were fractioned from both C2C12 and MDA-MB-468 cells. Upon 

gel electrophoresis the proportions of tubulin fractions were assessed, and it was 

revealed that there were no significant differences in polymerised MT content in either 

cell line (Figs 5.26 to 5.29). Interestingly, a previous publication from Dilworth et al., 

established that in their hands FKBP25 knockdown resulted in an approximate 4-fold 

reduction in polymerised MT fraction compared to the non-targeting control (109). 

Additionally, it was reported that further to the reduction in MT proportion, there were 

faults in mitotic spindle formation and consequential micro and binucleation of 

daughter cells. Furthermore, cells were shown to be resistant to Taxol (up to 10nM for 

24 hours). In our models, no statistical differences were observed which may be 

reflective of cell type choices. MT dynamics are regulated in vastly different manners 

in various cell types, such as epithelial fibroblastic/mesenchymal. It has been reported 

that epithelial cell MTs have a half-life of 4 minutes, while fibroblastic cell MTs have a 

half-life of 18 minutes at 37°C (451). It is likely that small temperature changes can 

rapidly shift the MT polymer proportion of cells and thus confound the results of 

polymerisation assays. Further experiments would be required to assess if changes in 

temperature were the cause of variability. Finally, to sufficiently analyse the impact of 

25KD on MT stability, more cell types must be examined to make an appropriate 

conclusion.   
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5.4 Conclusions 

These studies have investigated the role of FKBP25 in cell biology and function of both 

C2C12 myoblasts and MDA-MB-468 breast cancer cells. Here we have revealed that 

upon 25KD there is an increase in both cell viability and cell accumulation of both 

C2C12 and MDA-MB-468 cells over time. This data indicates that there is a net 

increase in proliferation resulting from 25KD. Further to this finding, it was identified 

that 25KD facilitates an increase of ~20% in wound healing migration of C2C12 

myoblasts compared to controls. However, upon measuring chemotactic migration 

MDA-MB-468 cells there were no differences measured in migration toward either 

EGF or fibroblast conditioned medium. This may be a limitation of utilising this basal-

like cell line as they are less prone to migrate than other subtypes. Considering our 

previous data that demonstrated that EGF-mediated EMT alone reduced FKBP25 and 

caused an increase in EMT markers, future studies should examine migration of MDA-

MB-468 cells that have undergone EGF-mediated EMT. Upon measurement of 

anchorage-dependent growth of MDA-MB-468 cells, it was shown that there was a 

reduction in colony formation under both high and low seeding density. This data 

demonstrated that independent of confluence 25KD reduced the ability of MDA-MB-

468 cells to form and survive in colonies. It was hypothesised that this was due to 

impaired MT stability resulting from 25KD. Conversely, it was found that 25KD did not 

affect invasion-outgrowth. Assessment of the functional impact of 25KD on C2C12 

myoblasts differentiation revealed no alterations to myogenic regulatory factors were 

observed. Measurement of both myotube diameter and fusion index contradict the 

proposed hypothesis. Further examination of 25KD in EGF-mediated EMT revealed 

that 25KD resulted in a cumulative reduction in E cadherin expression but not vimentin, 

suggesting that 25KD may be involved in the loss of epithelial characteristics rather 
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than the transition to mesenchymal characteristics. The final study of this chapter 

aimed to investigate the influence of 25KD on MT stability and dynamics. It was shown 

that 25KD in both MDA-MB-468 and C2C12 did not alter MT modifications or MT 

regulating proteins. Finally, upon fractionation of free and polymerised tubulin it was 

shown that 25KD did not alter polymerised tubulin content in either C2C12 or MDA-

MB-468 cells. To further elucidate the role of FKBP25 in MT dynamics further studies 

should examine alternative methods that are less temperature sensitive and prone to 

error.  In conclusion, this study determined that the loss of FKBP25 largely impacted 

upon proliferation, rather than other functional measures. However, upon examination 

of a molecular reason for this alteration, specifically tubulin stability, no link able to be 

determined. This study lays foundational research that  indicates that FKBP25 protein 

expression can be utilised as a measurement of proliferation in both cancer and 

muscle progenitor cells.  
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Chapter 6: General discussion 

 

6.1 FKBP25 in breast cancer cell de-differentiation 

FK506 binding proteins are a diverse family of immunophilin molecules that are 

involved in a variety of cell functions. While some FKBPs have been extensively 

researched in the context of cancer progression and de-differentiation, there has been 

limited research regarding FKBP25. Current literature has identified that FKBP25 is a 

nucleic acid binding protein that is able to shuttle between the nucleus and the 

cytoplasm, where it can perform protein interactions. In the cytoplasm, FKBP25 is able 

to facilitate protein folding, cytoskeletal dynamics, dsRNA binding, interactions with 

the pre-ribosome, and respond to cell stress responses. Despite these known 

functions, there is no current research that has implicated FKBP25 in cell 

differentiation or cancer pathogenesis. To address these questions, the current study 

first assessed FKBP25 protein expression in a panel of breast cancer cell lines of 

different classifications. Here it was identified that FKBP25 was highly expressed in 

epithelial-like subtypes, including luminal (T47D) and basal (MDA-MB-468), compared 

to mesenchymal subtypes (BT-549, Hs578t, MDA-MB-231). Interestingly, similar 

research recently revealed that FKBP25 mRNA levels are increased in mesenchymal 

breast cancer cell line MDA-MB-231 and murine breast cancer cell line 4T1 (452). 

Considering that the present study has uncovered the opposite findings, it may appear 

that FKBP25 mRNA is degraded and not translated in mesenchymal subtypes. The 

loss of FKBP25 protein may have several beneficial roles to a de-differentiated cancer 

phenotype, which could include increased propensity to proliferate, increased 

cytoskeletal plasticity, and stabilisation of EMT-related mRNA.  
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To further elucidate this finding, the current study examined oncogenic mutations that 

are commonly found in malignant transformation, such as Ras and p53 mutants. 

Surprisingly, it was demonstrated that in these models there were significant increases 

in FKBP25 protein expression, which contradicts the previous data from the breast 

cancer subtype panel. While these models are a valuable representation of the 

behaviours of de-differentiated cancer cells, it is important to remember that a single 

somatic mutation does not transform otherwise normal mammary epithelium.  This 

indicates that the presence of multiple mutations may be required for loss of FKBP25 

expression to benefit malignant progression. To assess this hypothesis,  MDA-MB-

468 cells were utilised to develop an EGF-mediated EMT model. This model of basal 

breast cancer cell EMT was confirmed by both morphological alterations and protein 

expression of EMT markers E cadherin and vimentin. This model demonstrated that 

cells that had already undergone some level of transformation, such as basal subtype 

breast cancer cells (with high levels of FKBP25 expression), could undergo EMT and 

subsequently reduce FKBP25 protein expression. This study demonstrated that 

epithelial-like breast cancer cell subtypes express increased levels of FKBP25 and 

loss of FKBP25 may be due to multiple mutations and a progressed phenotype. 

6.2 The involvement of FKBP25 in myogenesis 

After examining FKBP25 in models of cancer pathogenesis, a hypothesis was 

developed suggesting that epithelial-like cells express high levels of FKBP25, while 

mesenchymal-like cells express lower levels of FKBP25. To further examine this 

hypothesis, the current study assessed the MET-like model of C2C12 myogenesis. 

This study revealed that proliferative, mesenchymal-like myoblasts express low levels 

of FKBP25 protein compared to post-mitotic, epithelial-like myotubes. Furthermore, it 

was demonstrated that upon induction of quiescence, a model of undifferentiated but 
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non-proliferative cells, it was identified that quiescent myoblasts expressed greater 

levels of FKBP25 than proliferative myoblasts. This finding supports the hypothesis 

that loss of FKBP25 is associate with a proliferative, mesenchymal-like phenotype. 

However, this hypothesis did not hold true in human primary myoblasts which 

displayed increased FKBP25 protein expression. This may be explained by the 

presence of growth factors that are present in the growth medium. Interestingly, 

FKBP25 was also found to be increased in MCF10A RasV12 transformed cells (Fig3.5) 

which mimics constant stimulation with growth factors, such as EGF. Thus the 

presence of fibroblast growth factor in the growth medium of MBA-135 cells may be 

involved in upregulating FKBP25 in these cells. Conversely, Rh30 RMS myoblasts 

express low levels of FKBP25 which is consistent with their proliferative, 

mesenchymal-like phenotype. Upon differentiation, or rather treatment with 

differentiation medium as RMS cells do not differentiate, there was a significant 

increase in FKBP25 protein expression.  

Unlike the primary myoblasts, RH30 myoblasts treatment with differentiation medium 

results in a clear increase in myogenin, which is also noted upon C2C12 differentiation 

indicating commitment to myogenin. Myogenin is required for commitment to 

myogenesis and initiates transcription of other myogenic factors. Which suggests that 

these cells have undergone some level of MET, and potentially become more 

epithelial-like, and less proliferative. Additionally, the p53 mutation status of RMS cells 

may impact upon FKBP25 expression. RMS cells were cultured in the same growth 

medium as primary myoblasts containing growth factors, however, the presence of 

somatic mutations associated with RMS may have a reverse effect to the EMT effect 

that was observed in MDA-MB-468 cells,  such that the removal of growth factors from 

transitioning to differentiation medium has resulted in an MET-like effect. These 
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hypotheses should be examined in future studies to establish the impact of growth 

factors on FKBP25 expression. Furthermore, loss of function studies were able to 

demonstrate that FKBP25 KD did not impact upon C2C12 myogenesis, indicating the 

role of FKBP25 is associated with proliferative cell types. Together, this study has 

further demonstrated that FKBP25 is expressed at low levels in proliferative, 

mesenchymal-like cells, and expressed highly in epithelial-like, differentiated cells.  

6.3 FKBP25 in mature muscle plasticity 

FKBP25 is the most abundantly expressed FKBP in the skeletal muscle proteome 

(225). As such, the current study aimed to assess the impact of a range of models of 

skeletal muscle plasticity on FKBP25 protein expression. Here, models of chronic 

mechanical loading and mdx regeneration both exhibited significant increases in 

FKBP25 expression. Both of these models are known to undergo extensive structural 

remodelling, satellite cell activation and regeneration, and subsequent cytoskeletal 

remodelling (453-456). Upon these remodelling events, MT and MT organising centres 

are formed, and stabilised, to reorganise the location of newly fused nuclei and 

arrange organelles accordingly (456). Considering that FKBP25 is a known MT 

stabilising molecule, it is hypothesised that these reorganisation events rely on 

increased expression of MT stabilising proteins, which may not be limited to FKBP25. 

It has previously been demonstrated that the loss of microtubule associated proteins, 

such as MAP6, results in loss of MT organisation and impaired muscle function (334).  

This suggests that adequate stabilisation of the MTs is required for muscle function. 

Upon damage to skeletal muscle, from either mechanical loading or pathology (such 

as mdx) extensive MT remodelling is an adaptation to prevent dysfunction. 

Conversely, in a model of skeletal muscle denervation-induced atrophy, there was an 

observed reduction in FKBP25 expression. Similar to the previously described 



205 
 

regeneration models, atrophy models are also known to undergo extensive MT 

reorganisation (332). Interestingly, in the food deprivation study, it was identified that 

FKBP25 protein expression was unaltered. In this atrophy model, it was anticipated 

that there would be a reduction in FKBP25 as the muscle fibres waste. It seems that 

while the 48-hour food deprivation time frame is adequate to induce wasting, this short-

term model may not allow for sufficient remodelling that must occur to detect 

observable differences in FKBP25 protein expression. Conversely, the other models 

that were examined in the present study were collected 7-days post intervention (CML 

and denervation), or at 8-weeks of age for MDX dystrophic mice after a severe damage 

period which peaks at around 3 weeks of age. Thus, in all of these cases there was 

adequate time for muscle regeneration, and importantly, MT reorganisation. Previous 

studies have demonstrated that it takes approximately 3 days to detect observable 

changes in MT network, and at 5-10 days to see MT organising centres forming around 

centrally located nuclei for repositioning in mature fibres (332). Overall, this study has 

demonstrated that FKBP25 expression is increased in models of muscle regeneration 

and decreased in a model of skeletal muscle atrophy, which is likely to result from 

extensive MT remodelleling. Due to time constraints and the impact of COVID-19 

pandemic, we were unable to peruse this line of investigation any further. As such, 

further studies should consider examination of the impacts FKBP25 knockdown, and 

overexpression, on skeletal muscle structure and function in vivo.  

6.4 FKBP25 in cell biology and function 

FKBP25 knockdown (25KD) models were generated in MDA-MB-468 and C2C12 cell 

lines to examine the impact of FKBP25 on cell biology and function. 25KD cell lines 

that were generated resulted in an approximate 75% reduction in FKBP25 protein 

being expression. It was revealed in the current study that 25KD resulted in increased 
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in cell viability and cell accumulation, which indicated a net increase in proliferation of 

both cell lines. However, upon examination of cell migration it was revealed that 25D 

MDA-MB-468 cells did not have altered propensity to migrate toward a 

chemoattractant. While 25KD C2C12 myoblasts displayed a significant increase in 

wound healing migration compared to NT controls. The differences in migration may 

be related to the difference in cell type, such that MDA-MB-468 cells are a cancer cell 

line. Considering that these cells already contain many somatic mutations, the addition 

of 25KD alone was not sufficient to induce a phenotypic change. Furthermore, MDA-

MB-468 25KD cells were shown to display a significant reduction in anchorage-

dependent growth suggesting that 25KD reduces the capacity of these cells to 

successfully colonise at low confluency, which is a key behaviour of metastatic cells. 

However, it was demonstrated that 25KD had no effect on in vitro invasion out-growth. 

Interestingly, the sole function that 25KD impacted upon in MDA-MB-468 cells was 

proliferation. Previous studies have demonstrated that FKBP25 is required for mitotic 

spindle formation and subsequent stabilisation of the spindle apparatus (109, 121). As 

such, 25KD in this case is suspected to cause destabilisation of the mitotic spindle 

and allow for increased MT dynamics, however, this feature is likely to promote the 

accumulation of chromosomal abnormalities which can contribute to cancer 

progression and EMT (457).  

To further elucidate the role of FKBP25 in EMT, an EGF-mediated EMT model was 

utilised containing 25KD. It was found that there were cumulative reductions in E 

cadherin upon 25KD compared to untreated controls. This data suggests that loss of 

FKBP25 may prime breast cancer cells for EMT and initiation of malignant 

transformation. However it was demonstrated that this occurrence does not occur as 

a result of EGF signalling.  Further exploration of the role of FKBP25 in breast cancer 
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using in vivo models could reveal more regarding the potential implications of FKBP25 

in cancer progression and EMT.   

Upon assessment of 25KD in C2C12 myoblasts and myotubes revealed that there 

were no alterations to myogenic regulatory factor expression. This was supported by 

no observed changes to measures of differentiation, including myotube size and fusion 

index. Together, the current study suggests that 25KD may be impacting upon C2C12 

myoblasts, specifically through proliferation and migration. However, 25KD alone is 

not sufficient to impair mature myotube formation. The role of FKBP25 in myogenesis 

and muscle function would benefit from additional in vivo studies to examine the 

impact of 25KD on skeletal muscle structure, function, and regeneration.  

6.5 FKBP25 on MT polymerisation 

An important role of FKBP25 that has been hypothesised throughout these studies is 

its ability to stabilise the MTs and the consequences of this function on cell biology 

and function. Initially, the expression of MT stabilising post-translational modifications, 

including tubulin acetylation and detyrosination were assessed in both MDA-MB-468 

and C2C12 25KD cell lines. There were no observed changes to acetylated or 

detyrosinated tubulin in MDA-MB-468 or C2C12 25KD cells. Similarly, no changes 

were observed to stathmin, a known MT depolymerising protein (458). To 

comprehensively assess the impact of 25KD on MT polymerisation, MT content was 

measured in each cell line using a cell fractionation method. Cells were examined with 

the presence or absence of paclitaxel to induce maximal polymerisation. Here it was 

revealed that neither C2C12 nor MDA-MB-468 25KD cells displayed a significant 

reduction in MT content. In these studies, it is noted that there is a high level of 

variability in the final datasets, which is likely to have resulted from slight temperature 



208 
 

changes that cause MT polymers to depolymerise. Ultimately causing variance in 

biological replicates. Future studies should consider implementing methods that 

enable a more consistent temperature to prevent these confounding variables.  

6.6 Summary of the main findings of the thesis 

• FKBP25 protein expression is increased in luminal and basal breast cancer 

cell types compared to mesenchymal types. 

• FKBP25 protein expression increased throughout C2C12 myogenesis  

• FKBP25 protein expression increased following suspension culture of C2C12 

myoblasts to model quiescence. 

• FKBP25 protein is increased in models of skeletal muscle plasticity that are 

associated with extensive MT remodelling.  

• FKBP25 knockdown increased proliferation and cell accumulation in both 

C2C12 myoblasts and MDA-MB-468 breast cancer cells. 

• FKBP25 knockdown reduced anchorage dependent growth in MDA-MB-468 

breast cancer cells compared to non-targeting controls.  

• FKBP25 knockdown increased wound healing cell migration in C2C12 

myoblasts compared to non-targeting control.  

• FKBP25 knockdown did not have any impact upon C2C12 myogenesis, fusion 

index, or expression of myogenic factors. 

• FKBP25 knockdown did not have any impact upon MT stabilisation or 

polymerisation in either C2C12 myoblasts or MDA-MB-468 breast cancer 

cells.  

In conclusion, it was determined that low levels of FKBP25 protein was associated 

with a proliferative and mesenchymal phenotype. Contrary to the initial hypothesis, 
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FKBP25 protein expression was not found to be related to differentiation per se, 

however, it was identified that FKBP25 protein expression was consistently 

downregulated in response to EGF-mediated EMT/de-differentiation of MDA-MB-468 

breast cancer cells. Additionally, it was found that a reduction in FKBP25 resulted in 

an increase in wound healing ability of C2C12 myoblasts. In vivo models of skeletal 

muscle plasticity illustrated that there was an increase in FKBP25 protein 

expression. Further studies should examine the exact mechanism that resulted in 

this increase in FBP25 expression. It was speculated that these changes occurred 

from significant cytoskeletal remodelling associated with these conditions. It was 

hypothesised that these features occurred due to alterations in MT dynamics caused 

by loss of FKBP25, a MT stabilising protein, however, this was unable to be 

demonstrated by this study. The studies contained in this thesis have contributed to 

understanding the biological roles of FKBP25 in models of cell proliferation and 

differentiation. 

6.7 Limitations of the study 

While these studies have contributed to describing and understanding the role of 

FKBP25 in a variety of in vitro and in vivo models, there are some limitations to the 

outcomes. First, many of these studies have been undertaken in in vitro models which 

have limitations to in vivo translation ability. A second limitation of the study is the use 

of MDA-MB-468 cell line for measuring invasive capacity. As a basal breast cancer 

subtype, MDA-MB-468 cells are known to be less invasive and less successful at the 

types of in vitro assays that they were used for in the current study. The use of a 

different breast cancer cell line or future studies could reveal more regarding the 

functional changes associated with 25KD. Additionally, it is also possible  that the 

presence of 25KD in conjunction with other somatic mutation in cancer cell lines is not 
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sufficient to induce functional changes, compared to a ‘normal’ cell line, such as 

C2C12. Throughout the study there were more functional differences observed in 

C2C12 cells, these findings should be confirmed in another myoblast cell line to 

confirm that they are not species specific. Finally, the current study utilised a 

doxycycline-inducible knockdown model which is an important tool for studying the 

short-term effects of gene knockdown, however, in the current study it was observed, 

that C2C12 cell specifically, were prone to off target effects. Namely, it was identified 

that in the presence of doxycycline C2C12 myoblasts could not differentiate. 

Fortunately, cells were able to maintain 25KD for 96h post doxycycline treatment and 

differentiation studies were undertaken. Conversely, a constitutive knockdown could 

cause additional issues, such as overcoming the knockdown by compensating with 

overexpression of another protein. Nonetheless, the current study has appropriately 

examined the role of FKBP25 in cell differentiation and proliferation.  

6.8 Future directions 

Future studies should consider examining the impact of FKBP25 overexpression and 

mutagenesis to elucidate how FKBP25 contributes to EMT and MET-like 

differentiation. It was initially planned that this study would develop FKBP25 

overexpressing cell lines, expressing one of wild type, FKBP25 N-terminal mutant 

(FKBP25K22M/K23M; resulting in disruption to DNA binding functions) or FKBP25 C-

terminal mutant (FKBP25Y198F; resulting in impaired PPIase function and MT binding 

ability). These vectors were aimed to be transfected into cell lines that express low 

levels of FKBP25 (such as MDA-MB-213) to assess if overexpression could impair 

invasive progression, and importantly, which domain is responsible for this outcome 

Additionally, these vectors were going to be utilised to examine the impact of FKBP25 

overexpression could increase myogenic differentiation, and again, which domain is 
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required for this function. To add to the current study, it would be exciting to 

synthetically rescue 25KD in MDA-MB-468 cells with WT, K22M/K23M, or Y198F 

mutants to determine how the 25KD results in the changes that were previously 

observed. These rescue studies would add to the understanding of the roles of the 

functional domains of FKBP25 in its biological function and  would build on the current 

findings in this thesis. Additionally, this would allow the studies to be expanded into 

additional cell lines to assess the impact on EMT in cell types that are already 

mesenchymal to see if FKBP25 can regress the phenotype. Also to examine if 

FKBP25 over expression in skeletal could potentially have a protective role in muscle 

structure or function with age and disease states.  
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Appendix 1: Complete breast cancer cell line panel 

 

 

FKBP25 protein expression across full breast cancer panel that was examined in 
preliminary studies. Note: MDA-MB0468 is a basal breast cancer subtype, which is a 
subcategory of triple negative. 
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Appendix 2: Full view of western blots with molecular weight 

marker. 

FKBP25 MAB2955 (FKBP25 Knockdown titration) 

 

MW marker Amersham ECL Rainbow Molecular Weight Marker 
LEFT: FKBP25 Mir2 dox titration, RIGHT: FKBP25 NT Mir dox titration 

 

 

 

B actin #4970 (C2C12 differentiation)  

 
MW marker Amersham ECL Rainbow Molecular Weight Marker 
Lanes 1-5 C2C12 differentiation 24–96-hour samples 
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Myogenin ab124800 (C2C12 differentiation) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
Left and Right represent 2 biological replicates of C2C12 differentiation 24-96h samples 

 

 

 

 

MyoD1 ab16148 (25KD and differentiation) 

 
MW marker Novex™ Sharp Pre-stained Protein Standard 
C2C12 25KD differentiated myotube, treated with or without dox for 72h. 
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Fast myosin Heavy chain ab51263 (Differentiating C2C12) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
C2C12 25KD differentiated myotube, treated with or without dox for 72h. 

 

 

 

 

 

 

 

E Cadherin #3195 (EMT Induction titration; 5th lane negative control MDA-MB-231) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
Epidermal growth factor induced EMT titration; 5th lane in each group represents negative control for 
E cadherin MDA-MB-231) 
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Vimentin #5741 (EMT Induction titration) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
Epidermal growth factor induced EMT titration; 5th lane in each group represents positive control for 
vimentin MDA-MB-231) 

 

 

 

Erk #9102 (FKBP25 KD inhibitor titration) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
Epidermal growth factor time-based titration 0-30 minutes on MDA-MB-468 cells. 
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Akt #4691 (FKBP25 KD inhibitor titration) 

MW marker Novex™ Sharp Pre-stained Protein Standard 
Epidermal growth factor time-based titration 0-30 minutes on MDA-MB-468 cells. 

 

 

 

 

 

 

P70s6 Kinase #2708 (FKBP25 KD inhibitor titration) 

 
MW marker Novex™ Sharp Pre-stained Protein Standard 
25KD cells with EGF (right 4 lanes) or without (Left 4 lanes) and assorted inhibitors.  
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Pan Tubulin # ATN02  (microtubule polymerisation assay) 

 
MW marker Novex™ Sharp Pre-stained Protein Standard 
Microtubule polymerisation assay with 25KD cells. 
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