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Abstract 

 

Aim: Chemokine signalling plays a critical regulatory role in cancer, which was 

found to be either tumour-promoting or tumour-suppressive. Although chemokine 

signalling is a potential target for anti-cancer drugs, the success in drug design is 

hindered by the complexity of biased signalling and signalling redundancy in the 

signalling system. Our aim is to understand cell-specific mechanisms and 

isoform-specific roles of signalling proteins underlying context-dependent 

chemokine signalling system in cancer cells. 

 

Methodology: Experimentation was undertaken in breast cancer MCF-7 and 

MDA-MB-231 cells, leukaemic T-lymphocyte Jurkat cell and monocytic leukaemic 

THP-1 cells, to investigate cellular responses from the activation of endogenously 

expressed chemokine receptors. Small molecule inhibitors and RNA 

interventions were employed to determine the involvement of target proteins in 

cellular responses using intracellular Ca2+ mobilisation, chemotaxis and receptor 

internalisation assays. Immunocytochemistry was applied to reveal the change in 

localisation and quantities of cell surface chemokine receptors and intracellular 

proteins following chemokine stimulation. 

 

Results: CXCL12-induced CXCR4 internalisation in Jurkat cells is caveolae-

dependent, while CCL3-induced CCR5 internalisation in MCF-7 cells is 

independent of clathrin. Arrestin-2 (Arr-2) responds to CCL3 stimulation, whereas 

Arrestin-3 (Arr-3) responds to CXCL12 stimulation in MCF-7 cells. Inhibition of 

protein kinase D (PrKD) blocks Ca2+ mobilisation induced by CXCL12 in MCF-7 

cells but not for THP-1 cells. Basal PrKD potentially negatively regulate actin 

cytoskeletal rearrangement in cell migration in MCF-7 cells. 

 

Conclusion: Our study shows that chemokine signalling pattern vary between 

cancer cell types due to the activation of different receptor-chemokine partners 

and involvement of diverse combinations of signalling proteins in isoform-specific 

manner. Overall, the research in this thesis has highlighted the necessity of 

verifying specific signalling mechanisms in different cell lines in chemokine 

research. 
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Abbreviations 

 

AML Acute myeloid leukaemia  

AMPAR AMPA type glutamate receptors  

AR α1A/B-adrenergic receptors 

Arp2/3 Actin Related Protein 2/3 complex 

ATCC American Type Culture Collection  

AT1R Angiotensin II Type I Receptor 

BRET Bioluminescence Resonance Energy Transfer  

Cav-1 Caveolin-1 

CCP Clathrin-coated pit  

CCV Clathrin-coated vesicle  

Cdc42 Cell division control protein 42 homolog 

CHO Chinese hamster ovary  

CRC Colorectal cancer  

CRS Chemokine recognition site 

CAFs Cancer-associated fibroblasts 

CTLs Cytotoxic T lymphocytes 

DAG Diacylglycerol 

DAPI 4′,6-Diamidino-2-phenylindole dihydrochloride  

Dyn-2 Dynamin-2 

ECL Extracellular loop 

ECM Extracellular matrix  

EEA-1 Early endosomal antigen-1 

EMT Epithelial-to-mesenchymal transition 

ER Oestrogen receptor  

ERK1/2 Extracellular signal-regulated kinases 1/2 

F-actin Filamentous actin 

FAK Focal Adhesion Kinase 

FC Flow cytometry 

FDA Food and Drug Administration  

FITC Fluorescein isothiocyanate  
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FRET Förster resonance energy transfer  

FSC Forward scatter  

GAG Glycosaminoglycan 

GED GTPase effector domain  

GPCR G protein-coupled receptor 

GRK G protein-coupled receptor kinases 

HIV Human immunodeficiency virus 

HTRF Homogenous time-resolved fluorescence  

ICLs Intracellular loops 

IF Immunofluorescence 

IFN Interferon 

Ins(1,4,5)P3 

(aka IP3) 

Inositol trisphosphate 

JNK c-Jun N-terminal kinase 

LIMK LIM kinase  

MAPK Multiple mitogen activated protein kinase 

MDSCs Myeloid-derived suppressor cells 

MIG Monokine induced by gamma interferon 

MLC Myosin Light Chain  

MMPs Matrix metalloproteases  

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium 

NHERF-1 Sodium Hydrogen Exchanger Regulatory Factor-1 

NHL Non-Hodgkin’s lymphoma  

NMDAR N-methyl-D-aspartate receptor 

N-WASP Neuronal Wiskott-Aldrich Syndrome Protein 

OS Osteosarcoma  

PAK4 p21-activated kinase 4  

PB PDZ binding motif  

PH Plekstrin homology  

PI3K Phosphatidylinositol 3-kinase 

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate 
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PI(3,4,5)P3 Phosphatidylinositol(3,4,5) trisphosphate 

PKA Protein kinase A  

PKC Protein kinase C 

PKG cGMP-dependent kinase  

PLC Phospholipase C 

PMN-

MDSCs 

Polymorphonuclear Myeloid-Derived Suppressor Cells 

PR Progesterone receptor  

PRD Prolinerich domain  

PrKD Protein kinase D 

PTEN Phosphatase and TENsin homolog 

PTM Post-translational modification  

RANTES CCL5 

RCC Renal cell carcinoma  

ROCK Rho-associated protein kinase  

ROI Region of interest  

SERCA Sarco/endoplasmic reticulum Ca2+-ATPase  

shRNA short hairpin RNA 

siRNA small interfering RNA 

SIM Structured-illumination Microscopy  

SSC Side scatter  

SSH1L Slingshot-1L 

STED Stimulated Emission Depletion 

STORM Stochastic Optical Reconstruction microscopy 

TGF Transforming growth factor 

TLR Toll-like receptor 

TMD Transmembrane domain  

TME Tumour microenvironment  

TNBC Triple-negative breast cancer 

TNF Tumour necrosis factor 

TRP Transient receptor potential  

ULD Ubiquitin-like domain 

WASP Wiskott-Aldrich Syndrome Protein 
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WHIM Warts, Hypogammaglobulinemia, Infections, and 

Myelokathexis  
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Chapter 1: Introduction 

 

1.1 Cancer and chemokine signalling system  

Cancer metastasis refers to the spread of cancer cells from a primary site to distal 

secondary sites, contributing to the major cause of death in most cancer patients. 

Over the last decade, cancer has been well defined in terms of the typical 

biological capabilities acquired in the development of human tumours, known as 

hallmarks of cancer (Hanahan and Weinberg, 2011). In addition to cancer cells 

themselves, within the tumour microenvironment, a repertoire of normal cells also 

takes part in contributing to foster the hallmark functions (Hanahan and 

Weinberg, 2011). The addition of complexity implies that cell-cell communication 

between normal and cancer cells is the key to study the development of cancer 

from benign stage to metastatic stage. (Hanahan and Weinberg, 2011). 

 

In the past decades, emerging studies revealed that chemokine signalling plays 

important roles in modulating immune surveillance and cell migration in tumour 

development, representing as a potential therapeutic target for cancer (Balkwill, 

2004). Within tumour microenvironment, crosstalk between stromal cells and 

cancer cells in the form of an array of different chemokines dictates the process 

of tumorigeneses and metastasis (Balkwill, 2004; Mollica Poeta et al., 2019). The 

altered expression of chemokines and their cognate receptors in cancer 

contributes to a diversity of pathophysiological responses, including cancer cell 

proliferation, angiogenesis and leukocyte recruitment (Mollica Poeta et al., 2019). 

Yet, the complex mechanisms underlying the chemokine signalling in cancer 

remains to be elucidated in depth. The aspects to be further investigated include 

biased signalling, signalling redundancy, receptor desensitisation and co-

expression of atypical chemokine receptors (ACKRs) (Drouillard et al., 2023).  

 

In the approach of conventional anti-cancer therapies, the mechanism of action 

generally works on interfering with cell cycle, leading to cell death involving 

normal cells (Bates and Eastman, 2017). This implicates that a vast majority of 

patients on conventional chemotherapy experience numerous unwanted adverse 

effects. By understanding the distinct complexity in chemokine signalling 

pathways employed by different cancer cells, cancer-specific signalling proteins 
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or signalling axes in chemokine pathway can be targeted in the design of new 

anti-cancer drug. Novel strategies can potentially be implemented in combination 

with chemotherapy or immune checkpoint inhibitors (ICIs) to potentiate the 

therapeutic efficacy whilst minimise adverse effects.  

 

1.1.1 Cancer invasion and metastasis 

Cancer invasion is a cell-driven process initiated by signalling pathways that 

regulates cytoskeleton dynamics driving cell migration into the adjacent tissue in 

cancer (Friedl and Alexander, 2011). There are two modes of cancer cell 

migration proposed by previous studies: amoeboid migration and mesenchymal 

migration (Figure 1.1). Amoeboid migration is referred to cells adopting 

morphologically spherical shapes with weak adhesion force (Friedl et al., 2001). 

Amoeboid movement primarily adopts Rho-dominated actin rearrangement 

mechanism, generating propulsion by membrane blebbing. Cells utilising 

amoeboid movement tend to squeeze through tissue gaps without extracellular 

matrix (ECM) proteolysis involved during migration (Lorentzen et al., 2011; Wolf 

et al., 2003). Amoeboid cells are common to be seen in hematopoietic and 

neuroectodermal cancer, such as leukaemia and small cell lung carcinoma 

(Madsen and Sahai, 2010; Poincloux et al., 2011). On the other hand, 

mesenchymal migration is defined by cells adopting elongated or spindle-shaped 

morphology with strong focal adhesions and ECM proteolysis involved (Wolf et 

al., 2007). Several microtracks are usually generated by focalised proteases on 

the cell surface for cells to follow during migration (Wolf et al., 2007). The origin 

of mesenchymal migration is tumours of connective tissues. Yet, both movements 

are also observed in other tumour types as well (Brabletz et al., 2001; Wolf et al., 

2007). 
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Figure 1.1. Modes of cell migration adopted by cancer cells. During 

cancer invasion and metastasis, cancer cells can migrate individually or 

collectively by adopting either amoeboid or mesenchymal morphology 

depending on the microenvironment at the tumour site. Amoeboid migration 

is featured with spherical cell morphology with the formation of membrane 

blebs. No extracellular matrix (ECM) degradation is occurred during the 

process. Mesenchymal migration is characterised as elongated cell 

morphology with strong focal adhesions. ECM proteolysis is involved 

(Image created with BioRender.com). 

 

Cytoskeleton dynamics in migrating cells is primarily regulated by an actin-

binding protein, cofilin, and a group of the Rho family GTPases involving RhoA, 

Rac1 and Cell division control protein 42 homolog (Cdc42) (Figure 1.2). During 

the process of cell migration, cofilin modulates actin filaments (F-actin) 

rearrangement by actin severing and nucleation, while Rho GTPases are 

involved in the organisation of F-actin in order to generate protrusions at the 

leading edge and retractions at the contractile tail (Hall, 1992). The three Rho 

GTPases have distinct roles and effects in cytoskeleton dynamics (Hall, 1992). 

Rac1 is involved in membrane ruffling associated with lamellipodia protrusions at 

the leading edge of migrating cells (Ridley et al., 1992). On the other hand, RhoA 

contributes to cytoskeletal contractility by the formation of stress fibres, driving 

the tail retraction in migrating cells (Chrzanowska-Wodnicka and Burridge, 1996). 

The dynamic pattern of Rac1/RhoA coordination is spatially and temporally 

regulated and plays an important role in cancer cell migration (Pertz et al., 2006). 
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Figure 1.2. Sequential events of cell migration in the regulation of 

cytoskeleton dynamics. 1. Sensing of the chemokine gradient is 

dependent of Cdc42, which in turn activates the WASP/cortactin/Arp2/3 

complex, to form filopodia at the leading edge (Mattila and Lappalainen, 

2008). 2. Rac1 is the key player in mediating lamellipodia protrusions by 

activating an actin severing protein, cofilin, through dephosphorylation by 

SSH1L (Kligys et al., 2007). In the meanwhile, Rac1 also activates the 

WASP/coratactin/Arp2/3 complex, contributing to actin polymerisation 

(Mattila and Lappalainen, 2008). 3. Cell attachment at focal adhesions 

involves the activation of Focal Adhesion Kinase (FAK)/pacxillin by 

RhoA/ROCK and integrin/Src/Pyk2 (Narumiya et al., 2009). 4. Contraction 

at the rear of the cell body generates forward progression. RhoA/ROCK 

plays a critical role in actin contractibility and stress fibre formation through 

the activation of MLC (Narumiya et al., 2009). 5. The rear of the cell body is 

released by traction forces through focal adhesion disassembly (Narumiya 

et al., 2009) (Image created with BioRender.com). 

(Abbreviations definitions: Arp2/3- Actin Related Protein 2/3 complex; 

Cdc42- Cell division control protein 42 homolog; FAK- Focal Adhesion 

Kinase; MLC- Myosin Light Chain; ROCK- Rho-associated protein kinase; 

SSH1L- Slingshot-1L; WASP- Wiskott-Aldrich Syndrome Protein) 

With regards to the mechanisms underlying the Rho GTPases regulate 

cytoskeleton dynamics, they generally function as molecular switches and 
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interact with downstream effectors to propagate signalling transduction. The 

downstream target of RhoA is Rho-associated kinase (ROCK) (Narumiya et al., 

2009). ROCK is a kinase that directly phosphorylate actin cytoskeleton 

regulators, including myosin light chain (MLC) (Narumiya et al., 2009) and LIM 

kinase (LIMK) (Maekawa et al., 1999). Phosphorylation of MLC contributes to the 

contractility. The antiparallel contractile structures at the tail of migrating cells are 

implicated by RhoA-activated MLC on actin filaments (F-actin) (Riento and 

Ridley, 2003).  

 

In the meantime, phosphorylation of LIMK is associated with the phosphor-

regulation of ADF/cofilin (Lin et al., 2003). Phosphorylation of cofilin by LIMK 

prevents cofilin from actin binding by the formation of an intramolecular ionic 

bridge blocking the actin binding interface (Bernstein and Bamburg, 2010). 

Consequently, phosphorylated inactive cofilin is unable to mediate actin severing 

and nucleation at the tail of migrating cells, favouring membrane contractility.  

 

Cofilin-mediated severing of pre-existing F-actin is one of the important regulatory 

mechanisms in the protrusive dynamics at the leading edge of migrating cells 

(Bernstein and Bamburg, 2010; DesMarais et al., 2005). On the other hand, 

unphosphorylated active cofilin binds to Phosphatidylinositol 4,5-bisphosphate 

(PIP2) and cortactin, which sequester the activated cofilin together to interact with 

F-actin (Bernstein and Bamburg, 2010). Furthermore, LIMK is also a downstream 

target of Rac1 and Cdc42 through the activation of p21 activated kinase 1 (PAK1) 

(Edwards et al., 1999). However, in the meantime, Rac1 activates the slingshot-

1L phosphatases (SSH1L), which dephosphorylate cofilin as a result of 

accumulation of unphosphorylated active cofilin (Kligys et al., 2007). 

Subsequently, active cofilin interacts with F-actin and mediates actin nucleation 

and severing (Huang et al., 2006). The effects of SSH1L override deactivation of 

cofilin by LIMK, which induces membrane protrusions at the leading edge of 

migrating cells. Furthermore, Rac1 and Cdc42 are also involved in activating 

Wiskott-Aldrich Syndrome family of proteins including Wiskott-Aldrich Syndrome 

Protein (WASP), neuronal Wiskott-Aldrich Syndrome Protein (N-WASP) and 

WAVE. WASP and N-WASP are directly activated by Rac1 and Cdc42 (Derivery 

and Gautreau, 2010; Symons et al., 1996), while WAVE is activated by Rac1 

through an adaptor protein, IRSp53 (Ishiguro et al., 2004; Miki et al., 2000, 1998). 
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WASP, N-WASP and WAVE then form a complex with cortactin and Actin 

Related Protein 2/3 complex (Arp2/3), which contributes to actin polymerisation 

(Carlier et al., 2000). Overall, the combination of cofilin-mediated actin nucleation 

and actin polymerisation leads to branching and crosslinking of F-actin, 

contributing to membrane protrusions at the leading edge, also known as 

lamellipodia formation (Nakagawa et al., 2001; Oser and Condeelis, 2009). 

 

Apart from lamellipodia formation, filopodia is also found protruding from the 

lamellipodial actin network (Svitkina et al., 2003). The formation of filopodia is 

regulated by Cdc42 through WASP/N-WASP, in which F-actin are protected from 

capping by multiple tip-complex proteins, including ENA/VASPs, Dia2 formin and 

myosin-X, and nucleated at filopodial tips by formins (Mattila and Lappalainen, 

2008). Filopodia is thought to be important in cell migration towards the guidance 

of chemoattractants and adhesion on extracellular matrix (ECM) (Gupton and 

Gertler, 2007). 

 

In the involvement of chemokine signalling, actin cytoskeleton dynamics is 

typically triggered by Gαi-dependent signalling following chemokine stimulation. 

At the leading edge of migrating cells, Gαi activates Cdc42, which in turn activates 

Arp2/3 complex, leading to filopodia formation (Gérard et al., 2007). Recent 

studies revealed that an alternative pathway independent of Gαi is also involved 

in actin cytoskeleton reorganisation (Ambriz-Peña et al., 2014; Pérez-Rivero et 

al., 2013). It was found that Jak3 plays a major regulatory role in actin 

polymerisation in response to CCL21 or CXCL12 stimulation in T lymphocytes. 

Two main roles of Jak3 in actin polymerisation and lamellipodia formation were 

identified: (1) Jak3 directly activate Rac1 associated with the Arp2/3 complex 

contributing to actin polymerisation; (2) Jak3 activates SSH1L while inactivates 

LIMK1, which favours cofilin activation, driving actin severing and the formation 

of branched F-actin in the assembly of the actin network (Ambriz-Peña et al., 

2014). At the opposite end of migrating cells, Jak3 and Gαi are also involved in 

RhoA activation, resulting in actin contractility and the formation of stress fibres 

(Ambriz-Peña et al., 2014; Nimnual et al., 2003). 

 

Numerous studies have been done to elucidate the effects of chemokines on 

actin rearrangement. Particularly in CXCL12/CXCR4 signalling, CXCL12 was 
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shown to have a dual action to promoting the formation of stress fibre for actin 

contractibility at contractile tail (Moyer et al., 2007). (1) CXCL12 mediates F-actin 

accumulation by activating cofilin through LIMK pathway (Maekawa et al., 1999; 

Nishita et al., 2002). (2) CXCL12 stimulates MLC phosphorylation via ROCK 

(Moyer et al., 2007). In addition, accumulating evidence revealed that 

heterotrimeric G protein and Janus kinases (JAKs) play an important role in 

regulating cofilin and Rac/Rho GTPases activation independently (Ambriz-Peña 

et al., 2014; Mueller and Strange, 2004). In response to chemokine stimulation, 

Gi is activated and JAK (JAK2 for CCL3 and JAK3 for CXCL12) is activated 

through G protein-independent pathway (Ambriz-Peña et al., 2014; Mueller and 

Strange, 2004). A combination of the effects of Gi and JAK results in a 

complementary activation of the Rac GTPase, which in turn leads to actin 

polymerisation at the leading edge for sensing the chemokine gradient (Ambriz-

Peña et al., 2014). At the early stage, actin polymerisation involves GI only, 

which activates Cdc42, associating with the WASP/Arp2/3 complex, resulting in 

the formation of filopodia. Later both Gi and Jak3 activate Rac, which mediates 

the formation of lamellipodia. In parallel, JAK is involved in cofilin inactivation 

through LIMK pathway, whereas GI activate SSH1L, which inactivates LIMK, 

leading to cofilin activation. This process is crucial to maintain a balance of active 

and inactive forms of cofilin for cell migration (Ambriz-Peña et al., 2014). 

 

In migrating cells, chemokine receptors were found to localise at the leading edge 

in response to the chemokine gradient formed by the interactions of 

glycosaminoglycan (GAG) and chemokines (Hoogewerf et al., 1997). Particularly 

for CXCL12/CXCR4 signalling, a recent structural study reported that CXCL12 

binding and actin cytoskeleton is critical for CXCR4 nanoclustering at the leading 

edge. Chemokine receptor nanoclusters tend to adhere to the lipid bilayer of the 

plasma membrane where ICAM1/CXCL12 is embedded, triggering integrin 

activation (Martínez-Muñoz et al., 2018). Not only does chemokine stimulation 

directly affects actin rearrangement, but also it could enhance receptor 

nanoclustering that facilitates integrin activation for mesenchymal cell migration 

(Martínez-Muñoz et al., 2018). 
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1.1.2 Immune evasion in cancer 

Immune evasion is defined by cancer cells hijacking the host immune system to 

suppress the activation and infiltration of immune cells into the tumour sites 

(Vinay et al., 2015). In recent years, immunotherapy, for example, anti-PD1, has 

been emerging as a frontline treatment in multiple cancers (Alsaab et al., 2017). 

In general, the mechanism of action of immunotherapy depends on T-cell 

activation and interactions with cancer cells within tumour microenvironment 

(TME) (Alsaab et al., 2017). Despite the huge success in therapeutic efficacy of 

immunotherapy, the interference of T cell-tumour immune response is a major 

causation to treatment resistance. Chemokine signalling is the key regulator in 

innate and adaptive immune responses. In respect of CXCR4 widely expressed 

in monocytes, macrophages, neutrophils, T- and B-lymphocytes, 

CXCL12/CXCR4 signalling possesses inducible effect hindering normal T-cell 

immune response to tumour, contributing to immunotherapy resistance (García-

Cuesta et al., 2019). There are two ways that cause immunosuppression induced 

by CXCL12/CXCR4 signalling: (1) Cancer-associated fibroblasts (CAFs) 

sequester cytotoxic T lymphocytes (CTLs) through CXCL12 secretion, which in 

turn excludes the exposure of CTLs at tumour site (Öhlund et al., 2014) (Ene–

Obong et al., 2013); (2) Upregulation of CXCL12 in TME triggers the recruitment 

of myeloid-derived suppressor cells (MDSCs), regulatory T cells (Treg) and M2 

cells differentiated from monocytes towards tumour site (García-Cuesta et al., 

2019; Gok Yavuz et al., 2019). The infiltration of immunocytes override and 

prohibit the normal T cell-tumour immune response. The process of immune 

evasion in cancer elicited by chemokine signalling has been discovered in 

multiple cancer types including metastatic breast cancer (J. Zhang et al., 2019) 

and gastric cancer (Lv et al., 2019) and colorectal cancer (Yu et al., 2019). 

 

1.2 Chemokine classification and structure 

Chemokines are defined as chemotactic cytokines that stimulate the directed 

migration of cells along a concentration gradient in a spatial and temporal manner 

(Griffith et al., 2014). Chemokines are low molecular weight proteins (8-30 kDa) 

featured with 1-3 disulfide bridges. A highly conserved tertiary structure of 

chemokine is comprised of a disordered N-terminus and N- loop, a triple-stranded 

anti-parallel  sheet and a folded -helix at the C-terminus (Figure 1.3) (Clore 
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and Gronenborn, 1995). Together with the disulphide bridges, the overall 

topology is stabilised. In particular, the residues in the N-loop are important in 

receptor binding and the disordered N-terminus is the critical component in 

receptor activation (Miller and Mayo, 2017). 
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Figure 1.3. Schematic diagram of the structure of chemokine. 

Representation of a N-loop, a triple-stranded antiparallel  sheet and a 

folded -helix at the C-terminus. The structure is stabilised by multiple 

disulfide bridges between Cys residues (Image taken from Chew et al., 

2013). 

 

Despite the highly conserved structural fold, the quarternary structures are 

distinctive among subfamilies, contributing to functional interactions between 

chemokines, known as chemokine interactome (Miller and Mayo, 2017). Within 

the chemokine interactome, the formation of specific heterodimers differentially 

dictates functional activity involved in immunity potentially to be exploited for 

therapeutic targeting of pathogenic disorders (von Hundelshausen et al., 2017; 

D’Agostino et al., 2018). 

 

To date, approximately 50 chemokines have been identified. Originally, 

chemokines are named by their structure and specific conditions where they 

express. For example, CXCL9 was named as “monokine induced by gamma 

interferon (MIG)” (Farber, 1990; Murphy et al., 2000). Through the advances in 

the discovery of chemokines, a system of nomenclature has been introduced to 

classify and name chemokine ligands and receptors. In general, they are 

subdivided into four subfamilies defined by the pattern of the sequentially 

conserved cysteine residues (C) and non-cysteine residues represented by X in 

the N-terminus: C, CC, CXC and CX3C (Figure 1.4)  (Zlotnik and Yoshie, 2000). 

In addition to the classification of these subfamilies, the CXC chemokines are 
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divided by the presence or absence of an N-terminal tripeptide Glu-Leu-Arg (ELR) 

motif. In humans, there are seven ELR+CXC chemokines (CXCL1, CXCL2, 

CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8). All of these are the ligands of 

CXCR2, yet only CXCL6 and CXCL8 are the ligands of CXCR1. ELR+CXC 

chemokines possess the ability to recruit neutrophils specifically, whereas ELR-

CXC chemokines induces the migration of lymphocytes (Hébert et al., 1991).  

 

 

Figure 1.4. Simplified representation of sequential patterns of the four 

chemokine subfamilies: C-, CC-, CXC- and CX3C- chemokines. A 

nomenclatural system based on the pattern of the conserved Cys residues 

annotated by “C” and non-Cys residues annotated by “X” in the N-terminus. 

The disulfide bonds between Cys residues are represented by dash lines 

(Adapted from de Munnik et al., 2015) (Image created with BioRender.com). 

 

In the field of chemokine study, chemokines are typically classified into two main 

groups based on their functions: homeostatic and inflammatory chemokines. In 

normal conditions, constitutively expressed homeostatic chemokines, such as 

CCL19, CCL20 and CCL21, are involved in regulating lymphocyte and dendritic 

cell trafficking in immune surveillance. In pathological conditions, inflammatory 

chemokines, such as CCL3, CCL4 and CXCL8, are typically induced by pro-
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inflammatory stimuli and promote innate and adaptive immune responses in 

inflammation (Murphy et al., 2000; Le et al., 2004). 

 

As listed in Table 1.1, multiple chemokines can activate the same chemokine 

receptor and majority of chemokines can bind multiple chemokine receptors 

(Balkwill, 2004; Allen et al., 2007). As supported by numerous evidence, 

chemokine signalling is associated with a range of cancer types (Balkwill, 2004; 

Allen et al., 2007). Understanding the mechanisms and functional consequences 

of the redundancy could possibly be useful for modulating and fine-tuning the 

chemokine signalling in cancer as a novel therapeutic strategy. 
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Table 1.1. List of chemokine receptors and their cognate ligands. Chemokine receptors are classified into two categories: inflammatory 

and homeostasis, based on their functional roles. Each chemokine/chemokine receptor pair is associated with a range of cancer types 

(Adapted from Allen et al., 2007) 
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1.2.1 Chemokine homodimers 

Most chemokines primarily appear to be dimers, but some are observed to form 

tetramers, like CXCL4 (Mayo et al., 1995), or even high-order structures, such as 

CCL5 (Wang et al., 2011) and CCL27 (Jansma et al., 2010). The dimer structures 

of chemokines vary among different subfamilies but are in common within each 

sub-family (Figure 1.5). For the CC-motif chemokines, dimers are formed by the 

contact between the N-terminal β-strands from each monomer with the two C-

terminal helices in different orientations on the opposite side. On the other hand, 

CXC-motif dimer is formed by the contact between β1 strands from each 

monomer. By combining, the triple-stranded anti-parallel β-sheet from one 

monomer is extended to six-stranded with the two antiparallel C-terminal α-

helices on top of each side (Miller and Mayo, 2017). Exclusively for CXCL4, which 

associates to form a tetramer instead, the β-sheets are interacted laterally on top 

of each other as the centre of the tetramer structure (Mayo et al., 1995). 
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Figure 1.5. Three-dimensional diagrams representing structures of 

chemokine dimers. A: CXCL8, an example of CXC- chemokines. CXC- 

motif dimer is featured with the interactions between β1 strands from each 

monomer. B: CCL5, an example of CC- chemokines. CC- motif dimer is 

featured with the interactions between N-terminal β-strands from each 

monomer. C, D: CXCL4 tetramer. CXCL4 exclusively forms tetramer that 

could exist in either of the two orientations as shown (Image taken from 

Miller and Mayo, 2017). 

 

With respect to the functional aspects of signalling induced by chemokine 

homodimers, different cellular responses from homodimers were observed 

compared to monomers. Using CXCL12/CXCR4 pair as an example, monomeric 

CXCL12 promotes cell migration and stimulates filamentous actin (F-actin) 

accumulation through the recruitment of -arrestin-2, whereas dimeric CXCL12 

exerts the opposite effects. The study demonstrates that dimerisation causes the 

loss of specific contacts of CXCL12 monomers with CXCR4 illustrated by NMR 

analyses (Drury et al., 2011). The finding implies that dimeric CXCL12 could 

potentially inhibit CXCR4-mediated metastasis. Understanding the functional 
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roles and precise signalling of chemokine monomers/dimers opens a new avenue 

for targeted anti-cancer therapeutic strategies. 

1.2.2 Chemokine heterodimers 

Relative to homodimers, emerging studies demonstrate that the formation of 

heterodimers is energetically favourable, which could alter intracellular responses 

in chemokine signalling. CCL3/CCL4 (also known as MIP-1α/MIP-1 β) was the 

first discovered heterodimer naturally produced by activated monocytes and 

peripheral blood lymphocytes (PBLs). With regards to the functionality of 

heterodimers, heterodimers typically stabilise the activity of chemokines, 

subsequently, inducing downregulation of their cognate receptor, CCR5 (Guan et 

al., 2001). By further investigations into the formation of possible heterodimers in 

cells, a structural study demonstrate the existence of a range of combinations of 

chemokine heterodimers: CXC-chemokine pairs (CXCL4/ CXCL1, 

CXCL4/CXCL7, and CXCL4/CXCL8), CC-chemokine pairs (CCL2/CCL5 and 

CCL2/CCL8), and mixed chemokine pairs (CXCL4/CCL5, CCL2/CXCL4 and 

CCL2/CXCL8) (Nesmelova et al., 2008). With regards to the mixed chemokine 

pairs (Figure 1.6), CC-type could be energetically favoured than CXC-type, or 

vice versa, based on the molecular mechanics and the Poisson-Boltzmann 

surface area analysis. For example, in the case of CCL5/CXCL4, CC-type is 

greatly favoured over CXC-type. 
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Figure 1.6. Three-dimensional diagrams representing structures of 

CXCL4/CCL5 heterodimers. As an example of mixed chemokine 

heterodimers (CXC- and CC-), there are two distinct orientations existing, 

known as CXC-type and CC-type. One orientation is energetically favoured 

than the other. A: Docking of CXC-type orientation; B: Docking of CC-type 

orientation, which is highly energetically favoured over the CXC-type (Image 

taken from Miller and Mayo, 2017). 

 

Following the discovery of chemokine in dimeric forms as described above, 

chemokine synergism has been proposed by pioneering studies. Chemokine 

synergism is defined as potentiating chemokine signalling by the formation of 

heterocomplex from multiple chemokines interacting with a selective chemokine 

receptor (Proudfoot and Uguccioni, 2016). 

 

The formation of heterocomplex could enhance leukocyte migration, exemplified 

by the complexes of CXCL13/CCL19 and CXCL13/CCL21 triggering CCR7 

signalling (Paoletti et al., 2005). Another example demonstrates that CCL19 or 

CCL21 could prevent the degradation of CCL2 and CCL7 to enhance the 

migratory activity from CCR2 signalling in monocyte trafficking (Kuscher et al., 

2009). 
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1.2.3 Interaction of chemokines with glycosaminoglycans (GAGs)  

Glycosaminoglycans (GAGs) are carbohydrate structures composed of repeating 

disaccharide units that are heterogenous in composition and length. They are 

usually found on cell surface and possess unique sulfation patterns which are 

cell-type specific and tightly regulated spatially and temporally (Handel et al., 

2005; Raman et al., 2005). 

 

In the interactions with chemokines, binding specificity and selectivity between 

chemokines and GAGs are observed, where the binding affinity of chemokines 

for GAGs is dependent on the classes of GAG and their sulfation patterns (Witt 

and Lander, 1994; Proudfoot et al., 2001; Rek et al., 2009). Typically, the highly 

negative-charged GAGs bind positive-charged residues in highly basic 

chemokines through non-specific electrostatic interactions, as demonstrated in 

chemokines, such as CCL2 (Seo et al., 2013), CCL5 (Shaw et al., 2004) and 

CCL11 (Ellyard et al., 2007). However, other interactions of GAGs, such as van 

der Waals’ forces and hydrogen bonds, are also exemplified by binding of some 

acidic chemokines, including CCL3 and CCL4 (Johnson et al., 2005; Proudfoot 

et al., 2003). 

 

In addition, it has been demonstrated that chemokine oligomerisation enhances 

the binding affinity for GAGs. For example, CXCL12 dimer with a disulfide bridge 

has a higher binding affinity compared to wild-type CXCL12, which exists as a 

mixture of monomers and dimers in equilibrium (Dyer et al., 2016). Furthermore, 

GAG-chemokine interactions also contribute to chemokine function. GAG binding 

of CXCL12 was found to be necessary to prevent the fusion of human 

immunodeficiency virus (HIV) in leukocytes (Valenzuela-Fernández et al., 2001). 

 

In terms of the roles of GAGs in chemotaxis, it was demonstrated that GAG-

chemokine interactions are necessary to establish and maintain cell surface 

chemokine concentration gradient for directional cell migration, instead of random 

movements (Proudfoot et al., 2003). However, some controversial findings 

showed that GAGs binding could reduce chemotactic activity. The contrary can 

be explained by alternative roles of GAGs in modulating intracellular signalling. A 

recent study revealed that GAG-bound CXCL12 interacts with sulfotyrosines in 

the N-terminal region of CXCR4 in high affinity. GAGs prevent the interaction 
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between CXCL12 and CXCR4, resulting in “non-productive” binding and 

subsequently reducing intracellular signalling necessary for chemotaxis (Connell 

et al., 2016). Similar effects were seen in other chemokines, including CCL21 

(Hjortø et al., 2016), CXCL1 (Sawant et al., 2016), CXCL5 (Sepuru et al., 2016) 

and CXCL8 (Webb et al., 1993). 

 

1.3 Chemokine receptor structure and classification 

Chemokine receptors are classified in the rhodopsin-like family (Family A) of G-

protein coupled receptors (GPCR), identified as seven transmembrane receptors 

coupled to a trimeric GTP-binding protein (G-protein). In humans, 20 chemokine 

receptors and 50 chemokines have been identified (Balkwill, 2004). Most 

chemokine receptors bind multiple chemokines, or vice versa as mentioned 

previously (Table 1.1). The promiscuity of interactions among chemokines and 

their cognate receptors generates a diversity of signalling pathways and cellular 

responses (Balkwill, 2004; Richmond and Fan, 2004).  

 

The structure of chemokine receptor is composed of an extracellular acidic N-

terminus, seven transmembrane -helices connected by three extracellular loops 

(ECLs) and three intracellular loops (ICLs), and a C-terminus in the cytoplasm 

(Figure 1.7). In the aspect of their functional roles, the N-terminal domain and 

second binding site in the ECLs are essential for the speciality of chemokine 

binding. The intracellular C-terminal domain with other motifs, for example, the 

DRYLAIV motif located between the second and third ICLs are important for G 

protein coupling in intracellular receptor signalling (Schwartz et al., 2006). 

 

The superfamily is subdivided into four classes based on the binding motif of 

chemokine ligands: CC, CXC, CX3C and XC (Murphy et al., 2000). Apart from 

the conventional chemokine receptors, emerging studies have been investigating 

into a subfamily, named atypical chemokine receptors (ACKRs). The family of 

ACKRs consists of DARC (ACKR1), D6 (ACKR2), CXCR7 (ACKR3) and CCX-

CKR (ACKR4).  The major structural difference of ACKRs is the lack of the 

DRYLAIVVH motif constitutively present within the ICLs in the canonical 

chemokine receptors (Nibbs and Graham, 2013). Owing to this unique feature, 

ACKRs typically do not initiate G-protein dependent signalling in response to 
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chemokine stimulation, yet ACKRs bind chemokines with high affinity. Instead, 

ACKRs internalise with chemokines to direct their ligands for lysosomal 

degradation. This implies that ACKRs are the critical regulators of chemokine 

bioavailability and known as scavenger or decoy receptors working with the 

canonical chemokine receptors (Nibbs and Graham, 2013). As characterised by 

chemokine scavengers, ACKRs possess an immunosuppressive role in various 

inflammatory diseases and cancer (Nibbs and Graham, 2013; Gowhari Shabgah 

et al., 2022). 
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Figure 1.7. Schematic two-dimensional diagrams of the structures of 

chemokine receptor. A: from the top view on the extracellular side showing 

the upper halves of the 7TMDs with annotated key residues interacting with 

AMD3100 (highlighted in blue), IT1t (highlighted in red) and both inhibitors 

(highlighted in purple, major binding pocket (circled in shaded blue) and 

minor binding pocket (circled in shaded red); B: from the side view showing 

the N-terminus, three ECLs, three ICLs and C-terminus with annotated key 

residues interacting with AMD3100 (highlighted in blue), IT1t (highlighted in 
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red) and both inhibitors (highlighted in purple, major binding pocket (circled 

in shaded blue) and minor binding pocket (circled in shaded red). The 

DRYLAIV motif located between the second and third ICLs is indicated 

(circled). Note that the DRYLAIV motif is absent in atypical chemokine 

receptors. (Image taken from Caspar et al., 2022).  

 

1.3.1 Chemokine receptor activation 

In the process of chemokine receptor activation, the interactions of chemokine 

and chemokine receptor was originally described by a two-step model (Figure 

1.8), in which the N-terminus of chemokine receptor recognises the N-loop core 

of chemokine (Site 1), followed by the insertion of the disordered chemokine N-

terminus into the transmembrane domain (TMD) of the chemokine receptor (Site 

2) to activate the receptor (Rajagopalan and Rajarathnam, 2006). More details 

on receptor-chemokine interaction epitopes have been revealed by the crystal 

structures of chemokine receptors in complex with their associated ligands from 

recent studies. These new paradigms on chemokine receptor conformational 

selection model are emerging to replace the oversimplified two-step model. In 

general, three major receptor-chemokine interaction epitopes have been 

classified into chemokine recognition site 1 (CRS1), CRS1.5 and CRS2 (Figure 

1.9). CRS1 is located at the N terminus of the receptor (residues P8-E18 for 

CCR5 as an example) where the N-loop, 40s-loop and 2-strand of the 

chemokine is accommodated. CRS1.5 is where an anti-parallel -sheet is formed 

between the receptors (residues P19-K22 for CCR5) and chemokines (residues 

T8-C11). CRS2 is where the N terminus, 1-strand and 30s-loop of the 

chemokines penetrate into the ligand-binding pocket within the transmembrane 

helical bundle, in the contacts with the second extracellular loop (ECL2), third 

extracellular loop (ECL3) and helices I, II, III, V, VI and VII (Zhang et al., 2021). 

The binding modes are distinct in other receptor-chemokine complexes (Burg et 

al., 2015; Qin et al., 2015; Wasilko et al., 2020). The differences revealed from 

the crystal structures reflect the diversity of the binding of different chemokines, 

greatly expanding our knowledge on the complexity of chemokine recognition and 

receptor activation leading to distinct signalling transduction. In addition, It was 

demonstrated that post-translational modification (PTM) of chemokine receptors 

can enhance the binding affinity and specificity in chemokine recognition and 

binding (Kleist et al., 2016). For example, polysialylation of CCR7 is specifically 
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crucial for CCL21-mediated activation, which is shown to release CCL21 from an 

auto-inhibition conformation (Kiermaier et al., 2016). Evidence suggests that the 

two independent ligand-receptor binding sites from previous model are supposed 

to link each other. Specific motifs of the chemokine N-terminus have been shown 

to potentially modulate the crosstalk between sites 1 and 2 in receptor activation 

(Kleist et al., 2016). For example, in CXCL8, the GP motif of the ELR residues is 

an important regulator for the diversity of signalling pathways (Joseph et al., 

2013). 
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Figure 1.8. Hypothetical three-dimensional model of chemokine 

docking on a chemokine receptor in the activation state. Chemokine 

(coloured in pink) interacts with a chemokine receptor (coloured in blue) and 

activates the receptor through Site 2 (stated). In the process of receptor 

activation, two major interaction sites between chemokine and chemokine 

receptor are involved as proposed by the two-step model: Site 1 (not 

shown), between the N-terminus of chemokine receptor and the N-loop core 

of chemokine; Site 2 (as shown), between the N-terminus of chemokine and 

the TMD of the chemokine receptor (Image taken from Rajagopalan and 

Rajarathnam, 2006). 
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Figure 1.9. Overall chemokine binding mode of receptor-chemokine 

(CCR5-CCL3) complex. The chemokine (CCL3) is coloured magenta and 

the receptor (CCR5) is coloured in gold. The regions of CRS1, CRS1.5 and 

CRS2 are indicated by grey dashed lines. The key interacting components 

of the receptor and chemokine are annotated. (Image taken from Zhang et 

al., 2021). 

 

1.3.2 Chemokine receptor dimerisation 

Increasing evidence largely supports that Family A GPCRs exist as homodimers 

or heterodimers that modulate a variety of physiological and pathological 

functions linked to biased signalling (Cai et al., 2023). The binding interface 

between two GPCRs is found to be the transmembrane domain mainly, which is 

also known as the binding minor pocket (see Figure 1.7). The transmembrane 

domain is the key player in the formation and stability of GPCR dimers, as well 

as their functionality (Baltoumas et al., 2016). Owing to the ligand and functional 

selectivity observed in GPCR dimers exhibiting allosteric properties, compounds 

targeting the transmembrane domain at GPCR interface have emerging 

developed potentially to be highly selective therapeutic drugs. 

 

Particularly in chemokine receptors, CXCR4 dimerisation have widely been 

investigated in the past decade, alongside with the development of several 
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compounds targeting the minor pocket of CXCR4, including LY251092, IT1t, and 

FC131 (Mona et al., 2016). It is revealed that CXCR4 dimerisation is dynamic 

dependent of receptor expression level. CXCR4 exists as a monomeric form at 

low expression and can form homodimers transiently as increasing expression 

level. CXCL12 stimulation induces CXCR4 dimerisation required for full G protein 

activation. Inverse agonists that bind minor pockets of CXCR4 were 

demonstrated to disrupt CXCR4 dimerisation and basal activity of G proteins 

(Işbilir et al., 2020). The effects of CXCR4 inverse agonists functioning as dimer-

destabilising agents have been found clinically useful to reverse inflammation 

(Zirafi et al., 2015). More investigations can be done on the binding motifs of 

CXCR4 minor pocket in the development of efficacious CXCR4-targeting 

compounds for clinical uses. In relation to downstream signalling, CXCR4 

homodimerisation was found to lead to G protein-independent signalling through 

JAK/STAT3 pathway that promotes chemotaxis (Ahr et al., 2005). 

 

Apart from the formation of CXCR4 homodimers, it was unveiled that CXCR4 can 

form heterometric dimer with α1A/B-adrenergic receptors (AR), which plays an 

important regulatory role for vascular function and is a potential clinical target for 

blood pressure therapeutics. AR was shown to interact with the TM helix 2 of 

CXCR4 and subsequently potentiate Ca2+ mobilisation, myosin light chain (MLC) 

2 phosphorylation, and contraction of vascular smooth cells (VMSCs) (Tripathi et 

al., 2015).  In the aspect of clinical uses, a study demonstrated that co-treatment 

of CXCR4 agonists and the α1-AR agonist, phenylephrine, could enhance the 

potency of monotherapy of phenylephrine for increase in blood pressure (Tripathi 

et al., 2015). This provides an example of GPCR heteromerization for optimising 

pharmacological outcomes of existing therapeutics. 

 

Another well-studied receptor, CCR5, was also revealed to form homodimers and 

heterodimers. Within a CC5 homodimer, TM helices 1 and 4 are the critical 

binding interfaces between CCR5 receptors (Hernanz-Falcón et al., 2004). With 

respect to CCR5 heterodimers, a study demonstrated a negative binding 

cooperativity between CCR2 and CCR5, where CCR5 ligands block signalling 

through CCR2 while CCR2 ligands inhibit signalling through CCR5 (El-Asmar et 

al., 2005). This implies heterodimerisation of chemokine receptors could 

modulate competing signalling through both receptors, resulting in distinct 
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functional responses. Further work should be done on the functional roles of 

CCR5 dimerisation in clinical uses. 

 

1.4 Chemokine signalling  

Without chemokine activation, chemokine receptors are constitutively coupled to 

a heterotrimeric GTP-binding protein (G protein) comprising of α, β and γ subunits 

(Rosenbaum et al., 2009). Upon chemokine ligand binding and activation, 

conformation change of chemokine receptor is induced, involving the exchange 

of GDP for a GTP in the α subunit and dissociation of the GTP-bound α subunit 

from β and γ G protein subunits. Subsequently Gα and Gβγ separate from the 

receptor and transduce a diversity of downstream signalling accordingly (Figure 

1.10) (Pierce et al., 2002; Rosenbaum et al., 2009).  

 

1.4.1 G protein-dependent chemokine signalling  

Four different isoforms of Gα subunit (Gαs, Gαi, Gαq/11 and G12/13) are involved in 

activating different effector proteins, which may account for the divergent 

downstream signalling pathways and cellular responses (Figure 1.10) 

(Rosenbaum et al., 2009). Typically, the Gβγ subunits activate phospholipase C 

β2 (PLCβ2), an enzyme which hydrolyses phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2) to produce inositol trisphosphate (Ins(1,4,5)P3, aka IP3) and 

diacylglycerol (DAG). IP3 translocates from the plasma membrane to mediate 

intracellular Ca2+ release in the cytoplasm. DAG activates protein kinase C 

(PKC), which in turn phosphorylates various effector kinases in downstream 

signalling. It is noteworthy that the isotypes of PLC involved vary in different cell 

types, resulting in the activation of distinct signalling pathways (Stephens et al., 

1994). This implies that differential cellular responses could be mediated even 

from the same chemokine receptor-ligand pair.  

 

In parallel, like the Gβγ subunits, Gα subunits are also involved in regulating 

multiple downstream signalling transducers that target a range of effector 

kinases, such as cAMP-dependent kinase (PKA) (Howe, 2011), protein kinase C 

(PKC) (Griner and Kazanietz, 2007), cGMP-dependent kinase (PKG), and 

calcium-calmodulin regulated kinases (CAMKs) (Prevarskaya et al., 2011). Gαs 

stimulates adenylyl cyclase, inducing cyclic adenosine monophosphate (cAMP) 
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synthesis in the cytoplasm. cAMP in turn activates protein kinase A (PKA), which 

is an important regulator for multiple transcription factors in the nucleus. On the 

contrary, Gαi inhibits adenylyl cyclase, reducing the cytosolic level of cAMP 

(Taussig et al., 1993). Gαq/11 subunit activates PLCβ2, inducing intracellular 

calcium (Ca2+) release and activation of PKC, like Gβγ subunits (Hubbard and 

Hepler, 2006) (Figure 1.10).  

 

Apart from the involvement in regulating second messengers in downstream 

signalling, G protein subunits also activate multiple mitogen activated protein 

kinase (MAPK) cascades involving a group of serine-threonine kinases, such as 

Extracellular signal-regulated kinases 1/2 (ERK1/2), p38MAPKs and c-Jun N-

terminal kinase 1-3 (JNK1-3) (Gutkind, 1998). These kinases are critical 

regulators for several nuclear transcription factors, contributing to cell growth, 

proliferation and migration. The MAPK cascades are distinctively regulated by 

multiple GTPases from different subfamilies. ERK1/2 is regulated by Ras 

GTPase, whereas JNKs and p38MAPKs are regulated by GTPases of the Rho 

family, including Rho, Rac and Cdc42 (Coso et al., 1995) (Figure 1.10). 

 

Specifically, receptor coupled to Gαi subunit, in parallel with the interaction of Gβγ 

subunits with Rac guanine exchange factors (GEFs), preferentially activates Rac 

GTPases, which in turn activates JNK (Rosenfeldt et al., 2004). Gαq, Gα12 and 

Gα13 also mediate the activation of Rac and Cdc42 GTPases to induce the JNK 

signalling cascade to regulate the activity of nuclear transcription factors (Coso 

et al., 1995). On the other hand, Gαq subunit activates Rho GTPases through the 

interaction with p63-Rho GEF and Trio (Lutz et al., 2007), whereas Gα12 and Gα13 

subunits interacts with a family of Rho GEFs (p115, PDZ-RhoGEF and LARG) in 

the activation of Rho GTPases (Mikelis et al., 2013) (Figure 1.10). Except their 

regulatory roles in nuclear events, Rho GTPases play an additional part in cell 

migration through the downstream signalling of P21 activated kinase (PAK), 

WASP and Arp2/3 that mediate the actin cytoskeletal changes, as detailed in the 

section above (Figure 1.2) (Spiering and Hodgson, 2011). 

 

In addition, Gβγ subunits are also involved in the PI3K-AKT-mTOR cascade, 

which is crucial for cell growth, proliferation and cell migration (Hemmings and 

Restuccia, 2012). Gβγ subunits interacts with phosphoinositide 3-kinases (PI3K), 
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which convert the membrane-bound lipid, PI(4,5)P2, to phosphatidylinositol-3,4,5-

trisphosphate (PI(3,4,5)P), resulting in the activation of the serine-threonine 

kinase AKT (Welch et al., 2002). AKT promotes cell proliferation and protein 

synthesis by inactivating pro-apoptotic proteins (Hemmings and Restuccia, 2012) 

whilst activating mTOR (Laplante and Sabatini, 2012) (Figure 1.10). Specifically, 

for PI3Kγ, this specific isoform of PI3K elicits leukocyte migration, playing a 

central role in innate immunity. Evidence reveals that cells lack of PI3Kγ 

expression utilises PI3Kβ instead for cell proliferation and metabolism (Ciraolo et 

al., 2008). 

 

Overall, the whole signalling network plays a central role to regulate cell growth, 

proliferation and migration in normal conditions (Figure 1.10). Uncontrolled 

activation of chemokine receptors and their downstream signalling pathways 

could potentially result in cancer development and metastasis.  
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Figure 1.10. G protein-dependent chemokine signalling pathways. 

Following the activation of chemokine receptor, the Gα subunit dissociates 

from the Gβγ subunits and leave the receptor to transduce a variety of 

downstream signalling accordingly and mediate multiple kinase cascades 

(Rosenbaum et al., 2009). Overall, the signalling network contributes to 

multiple cellular processes, including cell survival, proliferation, invasion and 

nuclear transcription (Original image taken from Lai and Mueller, 2021 and 

modified with BioRender.com). 

 

1.4.2 G protein-independent chemokine signalling  

Alternatively, chemokine receptors could initiate downstream signalling in G 

protein-independent manner. With regards to chemokine signalling independent 



 58 

of G proteins, recent studies have uncovered multiple roles of a critical mediator, 

β-arrestin, in more detailed. β-arrestin is not only involved in receptor 

desensitisation and internalisation, but also in intracellular signal propagation and 

amplification acting as a multifunctional scaffolding protein for the downstream 

signalling proteins mentioned above (Figure 1.11) (Peterson and Luttrell, 2017; 

Bagnato and Rosanò, 2019). 

 

Following chemokine stimulation, chemokine receptor is phosphorylated by G 

protein-coupled receptor kinases (GRKs), which in turn promote β-arrestin 

recruitment to the phosphorylated receptor at the cytosolic face (Figure 1.11). 

Emerging studies were attempting to unveil an in-depth insight into the 

mechanisms underlying β-arrestin-dependent intracellular signalling by 

proposing a hypothesis named “phosphorylation barcoding” (Nobles et al., 2011). 

Evidence demonstrates that different GRKs isoforms or subtypes might possess 

preferential phosphorylation patterns, triggering specific conformational changes 

in chemokine receptors. Distinct conformational states of the receptor-β-arrestin 

complex dictate specific functional outcomes by permitting the interactions with 

specific intracellular signalling proteins through a selected downstream pathway, 

known as signalling selectivity (Marshall, 2016; Thomsen et al., 2016; Nobles et 

al., 2011). 

 

Acting as a scaffolding protein, β-arrestin forms multiprotein complexes with 

multiple signalling proteins, such as MAPK (McDonald et al., 2000), PI3K, AKT 

(Zhang et al., 2014), NF-B (Gao et al., 2004), Phosphatase and TENsin homolog 

(PTEN) (Lima-Fernandes et al., 2011) and E3 ubiquitin ligases (Jean-Charles et 

al., 2016). These β-arrestin-dependent complexes are then localised to various 

intracellular compartments, such as endosomes, cytoskeleton and nucleus, for 

protein ubiquitination (Jean-Charles et al., 2016), cytoskeletal rearrangement 

(McGovern and DeFea, 2014) and gene transcription (Dasgupta et al., 2011), 

contributing to cancer proliferation and metastasis.  
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Figure 1.11. G protein-independent signalling. Following ligand binding, 

β-arrestins are recruited from the cytosol to the plasma membrane by 

phosphorylated receptor. β-arrestins can act as multifunctional scaffolding 

proteins by associating with multiple intracellular signalling proteins to 

transduce downstream signalling pathways. On the other hand, β-arrestins 

are involved in receptor internalisation. By engaging with the adaptor 

proteins, AP2 and clathrin, receptor-β-arrestin complex is endocytosed into 

endosomes for either lysosomal degradation or recycling back to the plasma 

membrane (Original image taken from Lai and Mueller, 2021 and modified 

with BioRender.com). 

 

1.4.3 Biased signalling 

With the complexity of the redundancy in the chemokine signalling system and 

the discovery of distinct G protein-dependent and -independent pathways as 

described above, it could be possible that a preferential signalling pathway is 

induced by a specific chemokine receptor-ligand pairs, which is known as biased 

signalling, as supported by evidence from recent studies including CCL19/CCR7, 

CCL21/CCR7 (Hauser and Legler, 2016) and CXCL12/CXCR4-ACKR3 (Décaillot 

et al., 2011a). It is notable that one of the preferentially activated signalling 

pathways is considered to be cancer-promoting, while another could be anti-

cancer (Roy et al., 2017). Therefore, specifically targeting its selectivity towards 

the cancer-promoting pathway can potentially be a therapeutic strategy for the 

design of drugs targeting chemokine signalling in cancer, instead of inhibiting the 
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whole chemokine system that possibly affects its normal physiological functions 

(Roy et al., 2017). 

 

In CCR7 signalling, CCL19 and CCL21 are the well-known associated ligands of 

CCR7. It was shown that CCL19 and CCL21 exert differential functional 

outcomes even binding to the same receptor, which is implicated by biased 

signalling (Raju et al., 2015). For example, CCL19 promotes chemotaxis through 

-arrestin-dependent pathway, whereas CCL21 impairs chemotaxis through G 

protein-dependent pathway (Hauser and Legler, 2016; Raju et al., 2015). One of 

the factors influencing their signalling preference is the structural difference 

between CCL19 and CCL21. The unique 37-amino acid long, positive-charged 

C-terminal tail of CCL21 increases the likelihood of CCL21 binding 

glycosaminoglycans (GAGs), which obscures its interaction with CCR7 for CCR7 

activation. Attenuation of CCL21-induced CCR7 implies that chemotaxis is 

potentially impaired (Hjortø et al., 2016). As opposed to the structural feature of 

CCL21, the long, positive-charged C-terminal tail is absent in CCL19, which is 

less likely to be GAG-bound. Thus, chemotaxis could be induced without obscure 

of CCR7 activation from GAGs (Hjortø et al., 2016). In addition, the signalling 

bias towards -arrestin-dependent pathway for CCL19 is implicated by the unique 

phosphorylation patterns from CCL19 at the C-terminus of CCR7 (Zidar et al., 

2009). Emerging studies demonstrate that receptor phosphorylation patterns by 

different isoforms of GRKs dictate distinct functions of chemokine, known as 

phosphorylation barcode (Nobles et al., 2011). Notably, CCL21 activates GRK6, 

whereas CCL19 activates GRK6 and also GRK3 (Zidar et al., 2009; Hjortø et al., 

2016). The additional phosphorylation sites from GRK3 from CCL19/CCR7 

signalling favour the functionality of -arrestin, which in turn elicits -arrestin-

dependent signalling (Hjortø et al., 2016). 

 

CXCL12/CXCR4-ACKR3 is an example of receptor bias where two different 

receptors bind the same ligand. As supported by numerous evidence, ACKR3 is 

primarily biased towards β-arrestin dependent signalling, unlike a balance of G 

protein-dependent and β-arrestin dependent signalling pathways seen in 

CXCL12/CXCR4 (Szpakowska et al., 2018; Nguyen et al., 2020; Fumagalli et al., 

2019). It is noteworthy that high plasticity of the binding pocket was observed in 

ACKR3, which could diverse signalling stimulated by a variety of chemokine 
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ligands towards β-arrestin dependent signalling. For example, alterations on the 

key residues of CXCL12 essential for receptor binding do not affect ACKR3 

activation and signalling activity. Even CXCR4 antagonists were found to act as 

agonist for ACKR3, leading to β-arrestin recruitment and downstream signalling 

(Szpakowska et al., 2018). As described as a “decoy” receptor, ACKR3 functions 

as a co-receptor with CXCR4 to activate β-arrestin dependent signalling pathway 

but not G protein-mediated pathway (Fumagalli et al., 2019). Recent studies have 

been attempting to characterise the interaction between CXCR4 and ACKR3 to 

explain the “decoy” function of ACKR3 in signalling modulation (Rajagopal et al., 

2010; Fumagalli et al., 2019). It was revealed that ACKR3 interacts with the C-

terminal tail of CXCR4 in the formation of CXCR4-ACKR3 heterodimer, which 

contributes to constitutive β-arrestin recruitment and attenuates Gαi-dependent 

signalling. Following phosphorylation of GRK2 in a site-specific manner on the 

CXCR4-ACKR3 heterodimer, β-arrestin-mediated signalling is induced and 

subsequently activate MAPK cascades, such as ERK1/2 activation and 

p38MAPK activation (Fumagalli et al., 2019). Overall, CXCL12/CXCR4-ACKR3 

signalling largely contributes to proliferation and cell migration by activating pro-

tumour β-arrestin-mediated signalling while inactivating anti-tumour Gαi-

dependent signalling. By targeting the signalling bias of CXCL12/CXCR4-

ACKR3, emerging studies have developed ACKR3-targeting molecules, 

including an allosteric modulator, ITAC (Fumagalli et al., 2019), and a competitive 

antagonist, ACT-1004-1239 (Richard-Bildstein et al., 2020). Both specifically 

block CXCL12-induced β-arrestin recruitment without affecting G protein-

mediated signalling from CXCR4. One study has proven the effect of ITAC that 

cell migration was reduced as a result of the resumption of Gαi-dependent 

signalling from CXCR4 activation (Rajagopal et al., 2010; Fumagalli et al., 2019). 

 

1.4.4 Downstream effector: -arrestins  

Arrestins are a small family of proteins comprised of arrestins 1, 2, 3 and 4. 

Arrestin 1 and 4 are visual arrestins, while arrestins 2 (also known as -arrestin 

1) and 3 (also known as -arrestin 2) are non-visual. Arrestin 1 is expressed in 

rod and cones, whereas arrestin 4 is present in cones exclusively. Both arrestins 

play a significant role in regulating rhodopsin signalling in photoreceptor cells 

(Gurevich et al., 2011). For arrestins 2 and 3 (generally named -arrestins), both 

are ubiquitously present in various cells. Specifically, arrestin 2 is typically 
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localised in the nucleus and cytoplasm, while arrestin 3 is localised in the 

cytoplasm only (Ferguson, 2001). Within the structure of arrestin family, it 

comprises of a N-domain and C-domain, which consist of anti-parallel β-sheets 

connected with small loop regions (Figure 1.12) (Kang et al., 2015). 

 

 

Figure 1.12. Structural representation of -arrestin. -arrestins contain 

two major domains: N- and C- domains. In each domain, it consists of anti-

parallel -sheets linked by small loops. In terms of functionality, -arrestins 

interact with multiple downstream signalling proteins at the major interaction 

interfaces as indicated, playing a multifunctional regulatory role in GPCR 

signalling (Image taken from Shukla and Dwivedi-Agnihotri, 2020). 

 

As previously mentioned, arrestins act as multifunctional regulators for signalling 

transduction at GPCRs. They are involved in multiple processes, such as 

receptor desensitisation and internalisation, endoplasmic vesicle trafficking and 

G protein-independent signalling, potentially leading to cancer development and 

invasion (Song et al., 2018).  

 

On the mechanistic aspect, -arrestins can be activated by the receptor in three 

distinct conformations: “tail”, “core” and GRK-independent “core” conformations 

(Figure 1.13). Within the “tail” conformation, the twisted long C tail of arrestin 

interacts with the phosphorylated C-terminus of the receptor, leading to 
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prolongation in active state (Latorraca et al., 2018). Whereas interactions 

between the back loop of the C-domain of arrestin and the ICLs of the receptor 

are observed in “core” conformation (Kang et al., 2015). The GRK-independent 

“core” conformation is proposed to be a transient engagement of arrestin with the 

TM core of the receptor without the activation of the receptor. Subsequently, 

arrestin dissociates from the receptor and interacts with membrane-bound PIP2, 

leading to -arrestin-dependent ERK1/2 signalling from clathrin-coated structures 

(Eichel et al., 2016). A recent study demonstrated that sustained activation of 

arrestin and downstream signalling transduction only require interactions in the 

“core” conformation, not necessarily “tail” conformation (Eichel et al., 2018). 

According to the proposed phosphorylation barcoding, the distinct patterns of 

phosphorylation on the receptor C-terminus induces specific conformation 

changes in arrestin, either “tail” or “core” conformation, leading to distinct 

regulatory functions (Tobin et al., 2008). 

 

 

Figure 1.13. Schematical diagrams indicating the three distinct 

conformations of active arrestin in the interaction with GPCR. “Tail” 

conformation is defined by interaction of the phosphorylated C-terminal tail of 

GPCR with the C-domain of arrestin. “Core” conformation is referred to the 

interaction between TM core of GPCR and the C-domain of arrestin. “Core” 

conformation is also adopted by arrestin in the absence of receptor activation 

and phosphorylation, in order to transduce -arrestin-dependent signalling 

(Image taken from Haider et al., 2022). 

 

The phosphorylation barcode model was originally proposed where different 

protein kinases phosphorylate the receptor C-terminus in different patterns, 

resulting in the activation of different signalling pathways following binding and 

activation of arrestins (Tobin et al., 2008; Tobin, 2008). More recently, the model 

has been elaborated into more details in three-dimensional structural basis 
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(Latorraca et al., 2020). So far there have been three new insights revealed: (1) 

The spatial arrangement of phosphorylated residues at the receptor C-terminus 

is the critical determinant in arrestin binding, not only dependent of the number 

of phosphorylated residues. (2) The phosphorylation patterns favouring arrestin 

binding could be different from those favouring arrestin activation. (3) Different 

phosphorylation patterns could lead to different arrestin binding conformations 

determining whether arrestins are in active or inactive state (Latorraca et al., 

2020). Yet, more investigations into the implications of the relationship between 

phosphorylation patterns and arrestin spatial structures onto signalling selectivity 

need to be done. 

 

Another study proposed a novel model, named “phosphorylation flute” model 

(Figure 1.14) to explain further how a few isoforms of arrestins and protein 

kinases induce a diversity of downstream signalling (Yang et al., 2015). Different 

GRKs were found to phosphorylate the receptor in distinct phosphorylation 

patterns (Yang et al., 2015). Arrestin subsequently recognises the 

phosphorylation patterns in different conformations, leading to specific signalling 

pathways (Yang et al., 2015). For example, within the seven phosphorylation 

sites (p1-7) in the V2R/β-arrestin1 complex, GRK6 catalyses phosphorylation 

sites p1 and p5, triggering the interaction of Src with arrestin 2. Whereas GRK2 

catalyses p1, p4, p6 and p7 phosphorylation, which mediates clathrin recruitment 

to arrestin 2 (Yang et al., 2015).  
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Figure 1.14. Schematical diagram showing the flute model for 

elaborating the model on the phosphorylation barcoding of arrestin-

dependent signalling. Different GRKs phosphorylates the receptor in 

distinct phosphorylation patterns, which are subsequently recognised by 

arrestins in different conformations and consequently a diversity of 

signalling pathways is resulted (Image taken from  Yang et al., 2015). 

 

Most recently, studies have revealed that phosphorylation patterns of -arrestin 

by a combination of factors dictates specific downstream signalling. The factors 

include ligand, receptor type, GRK isoform, arrestin isoform and the 

phosphorylation sites. It is known as “phosphorylation QR code” model (Figure 

1.15) (Chen et al., 2022). For example, following the stimulation of AT1A receptor 

(AT1AR) with angiotensin II (Ang II), arrestin 3 recruited by GRK5/6 mediates ERK 

activation, whereas AT1AR endocytosis is induced by arrestin 3 activated by 

GRK2/3 (Kim et al., 2005). Another pathophysiological ligand, AT1R autoantibody 

(AT1‐AA) was recently revealed to activate AT1R in a sustained manner, blocking 

AT1AR endocytosis dependent of arrestin 3, contributing to sustained 

vasoconstriction in preclampsia (Bian et al., 2019). 
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Figure 1.15. Schematical diagram showing the QR code model for 

elucidating differential signalling transduction from specific receptor 

phosphorylation recognition. A combination of factors including ligand 

types, receptor types, GRK isoforms, arrestin isoforms and receptor 

phosphorylation sites determine specific signalling outcomes, such as 

receptor endocytosis, desensitisation and transduction of specific signalling 

pathways (Image taken from  Chen et al., 2022). 

 

In the example of CCL5/CCR5 signalling, CCL5-activated CCR5 has been shown 

to be phosphorylated on four major serine residues, Ser336, Ser337, Ser342, 

and Ser349, at the C-terminus through arrestins 2 and 3 recruitment (Oppermann 

et al., 1999). The phosphorylation process is strongly dependent of the “tail” 

conformation of arrestins, and more biased towards arrestin 2 versus arrestin 3. 

Furthermore, a study using N-terminally engineered analogues of CCL5 

demonstrated that the different CCL5 analogues elicit CCR5 phosphorylation in 

a distinct manner dependent of arrestin conformation (“core” or “tail”) adopted 

and the interaction with specific arrestin isoform (Martins et al., 2020). For 
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example, PSC-CCL5 was found to hyperphosphorylated CCR5, leading to 

increase in arrestin recruitment with lower dependence on the arrestin “tail” 

conformation than that seen by wild-type CCL5 (WT-CCL5). On the other hand, 

5P14-RANTE induces CCR5 phosphorylation in a comparable level to WT-CCL5 

with dependence on arrestin “tail” conformation but the arrestin recruitment is 

biased towards arrestin 3 instead (Martins et al., 2020). 

 

With regards to another chemokine receptor common in cancer, CXCR4, receptor 

phosphorylation mediated by CXCL12 stimulation takes place on multiple specific 

serine residues, including Ser321, Ser324, Ser325, Ser330, Ser339, and two 

sites between Ser346 and Ser352. Evidence has been shown that site-specific 

phosphorylation regulated by specific kinases and isoform-specific arrestins 

results in differential CXCR4 signalling modulation. In the aspect of site-specific 

phosphorylation by kinases, for example, GRK6 was shown to phosphorylate 

Ser324, Ser325, 330 and 339 (Busillo et al., 2010), whereas GRK3 is responsible 

for Ser346 and 347 phosphorylation only (Luo et al., 2017). In terms of differential 

signalling modulation, GRK2 was found to be a negative modulator in Ca2+ 

mobilisation and ERK1/2 activation through arrestin 3 recruitment, whereas 

GRK3 was revealed to positively regulate ERK1/2 activation through arrestin 2 

recruitment (Busillo et al., 2010). However, specific structural conformations of 

receptor-arrestin complex following site-specific receptor phosphorylation are yet 

to be elucidated. 

 

In terms of the intracellular regulatory roles of arrestins following arrestin 

recruitment to chemokine receptor, it has been revealed that arrestins are 

associated with multiple intracellular signalling pathways, such as MAPK cascade 

and PI3K/AKT pathway, contributing to cancer metastasis (Figure 1.16). 
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Figure 1.16. Schematical diagram showing two major cancer-

associated downstream signalling pathway regulated by arrestins. 

Arrestins serves as scaffolding protein associated with the constituents of 

the MAPK cascade and are involved in the activation of downstream 

effectors, including ERK, JNK, p38MAPK, which induces cell migration. 

Arrestins could also activate PI3K and elicit PI3K/AKT signalling, which 

promotes cell proliferation and migration. On the other hand, arrestins could 

activate PTEN, which inhibit AKT, as a result of inhibition of cell proliferation. 

This implies that arrestins serve as positive or negative regulators in cancer 

in context-dependent manner (Modified from Lai and Mueller, 2021 with 

BioRender.com). 

 

In the association of -arrestins with the constituents of the MAPK cascade, the 

process activates downstream effectors including ERK, JNK and p38 (Luttrell et 

al., 2001). Subsequently, this leads to epithelial-mesenchymal transition (EMT) 

and increased expression of matrix metalloproteases (MMPs), which promotes 

cancer metastasis (Cepeda et al., 2017). Several studies demonstrated that 

phosphorylation of ACKR3/CXCR4 receptor heterodimer by GRK6 promotes the 

recruitment of arrestin 3 exclusively to activate ERK1/2, p38 MAPK and SAPK 

through a preferential -arrestin-dependent signalling pathway, leading to 
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increase in cell migration (Fong et al., 2002; Décaillot et al., 2011b; Coggins et 

al., 2014). In addition, a study by Liu et al., 2016 uncovered a new prognostic 

marker, USP33, which is a deubiquitinating enzyme involved in regulating the 

expression of -arrestins, for advanced colorectal cancer (CRC). Low expression 

of USP33 in CRC tissue was found to indicate poor prognosis. It was 

demonstrated that USP33 is responsible for deubiquitinating -arrestins, and 

subsequently block -arrestin-dependent ERK activation, negatively regulating 

cell migration (Liu et al., 2016). This implies that USP33 possesses tumour-

inhibitory effects, playing a significant role in regulating -arrestin-dependent 

signalling.  

 

For the link of -arrestins to the PI3K/AKT signalling pathway, a study on human 

osteosarcoma (OS) demonstrated that ACKR3 associated with arrestin 2 induces 

PI3K activation, and in turn increases membrane PI (3-5)P3 accumulation to 

activate AKT, proliferating cell nuclear antigen and MMP9 (Zhang et al., 2014). 

This implies that -arrestin-dependent PI3K signalling pathway is associated with 

cancer proliferation and invasion in human OS. On the contrary, a study showed 

that -arrestins increase the activity of PTEN, leading to the suppression of PI3K 

pathway, as a result of inhibition of cell proliferation (Lima-Fernandes et al., 

2011). Thus, -arrestins serve as positive and negative regulators in cancer 

proliferation and invasion via PI3K signalling pathway in context-dependent 

manner. 

 

1.4.5 Downstream effector: Protein kinase D (PrKD) (previously named 

PKC) 

Protein kinase D (PrKD) is classified into the Ca2+/Calmodulin-dependent protein 

kinases (CaMKs) superfamily within the family of serine/threonine kinases 

(Rozengurt et al., 2005). PrKD is not only activated by diacylglycerol (DAG), but 

also activated by protein kinase C (PKC) through direct phosphorylation. 

Functionally, PrKD is a critical mediator in regulating multiple cellular processes, 

including cell survival (Storz and Toker, 2003), motility (Döppler et al., 2014), 

intracellular vesicle transport (Bossard et al., 2007) and gene transcription 

(Dequiedt et al., 2005). Emerging studies revealed that dysregulation of PrKD 

associates with the pathophysiology in a variety of human diseases, such as 
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cancer (Roy et al., 2017), inflammatory diseases (Yuan and Pandol, 2016) and 

cardiovascular diseases (Wood and Bossuyt, 2017; Simsek Papur et al., 2018). 

To date, three isoforms of the PrKD family has been identified: PrKD1, PrKD2 

and PrKD3 (Manning et al., 2002; X. Zhang et al., 2021). PrKD can be localised 

or translocated to different subcellular locations, including the plasma membrane, 

Golgi, nucleus, mitochondria and cytosol, to exert differential functional outcomes 

(Fu and Rubin, 2011). Under the unstimulated state, all PrKD isoforms are 

typically localised in the cytoplasm, and PrKD3 is also expressed in the nucleus 

(Figure 1.17). Upon ligand stimulation and DAG activation, PrKD 1 can 

translocate to the nucleus, mitochondria, cytoplasm and Golgi, PrKD 2 can be 

mobilised to the Golgi and cytoplasm, while PrKD3 is exclusively found in the 

cytoplasm only (Figure 1.17) (Fu and Rubin, 2011). With regards to the 

association with cancer, the three isoforms of PrKD are expressed in different 

levels possibly acting cancer promoting or inhibitory effects in different cancer 

types (Zhang et al., 2021).  

 

 

Figure 1.17. Localisation of PrKD. Under basal conditions, all the PrKD 

isoforms are constitutively present in the cytoplasm, and PrKD3 are also found 

in the nucleus. Following ligand stimulation and DAG activation, translocation 

of PrKD is occurred. PrKD 1 can be translocated to the nucleus, mitochondria, 

cytoplasm and Golgi, PrKD 2 can be mobilised to the Golgi and cytoplasm, 

while PrKD3 is exclusively found in the cytoplasm only (Fu and Rubin, 2011) 

(Image created with BioRender.com). 
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The three isoforms of PrKD contains an N-terminal regulatory domain, a plekstrin 

homology (PH) and followed by a C-terminal catalytic kinase domain (Figure 

1.18) (Rykx et al., 2003). The regulatory domain comprises of a C1 domain in two 

different tandem cysteine-rich Zn-finger like motifs, which are C1a and C1b. The 

C1 domain bind membrane-bound ligands, DAG and phorbol esters, and regulate 

the localisation of PrKD to the plasma membrane, mitochondria, nucleus and 

Golgi (Spitaler et al., 2006). The major functional difference of the two C1 motifs 

is the binding affinity to their ligands. C1a binds DAG with a high affinity, whereas 

C1b binds DAG with a low affinity but with a high affinity in the binding of phorbol 

ester (Wang, 2006). Among the three PrKD isoforms, PrKD3 is the most sensitive 

to DAG/phorbol esters in terms of its activity and selectivity for substrates (Chen 

et al., 2008). The PH domain plays a critical auto-regulatory role to maintain PrKD 

in an inactivated state by auto-inhibiting the catalytic kinase domain. Thereby, 

mutation or deletion of corresponding residues of the PH domain contributes to 

constitutive activation of basal PrKD (Iglesias and Rozengurt, 1999). The catalytic 

kinase domain in all three PrKD isoforms comprises of an activation loop where 

PrKD activation takes place. Following DAG binding or direct binding of PKC, 

transphosphorylation between a pair of conserved serine residues (Ser738 and 

Ser742 for PrKD1, Ser706 and Ser710 for PrKD2, Ser731 and Ser735 in PrKD3) occurs 

(Fu and Rubin, 2011).  

 

Additionally, the N-terminal ubiquitin-like domain (ULD) shared by all three 

isoforms is demonstrated to be involved in inducing PrKD dimerization for 

transphosphorylation at the activation loop in response to increase in DAG 

concentration. The ULD-mediated transphosphorylation is independent of PKC 

(Elsner et al., 2019). Except PrKD3, the type 1 PDZ binding motif (PB) is present 

at the C-terminus of PrKD1 and PrKD2 (Figure 1.18). It is shown to interact with 

protein scaffolds that control the amplitude and duration of PrKD activity, for 

example, Sodium Hydrogen Exchanger Regulatory Factor-1 (NHERF-1) (Kunkel 

et al., 2009). Within the PB, the autophosphorylation site (Ser910 for PrKD1, Ser876 

for PrKD2) is important for late sustained PrKD activation following 

phosphorylation at the activation loop (Rybin et al., 2009). Particularly, the Ser916 

residue in PrKD1 has been utilised as a marker to study PrKD1 activity status in 

many studies based on the evidence demonstrating that phosphorylation of 

Ser916 is positively correlated with PrKD catalytic activity (Iglesias et al., 1998). 
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Figure 1.18. Structural differences in the three PrKD isoforms (PrKD1, 

PrKD2 and PrKD3). PrKD is generally composed of an N-terminal 

regulatory domain, a plekstrin homology (PH) and followed by a C-terminal 

catalytic kinase domain, which are in common across all three isoforms 

(Rykx et al., 2003). Within the catalytic domain, the PDZ binding motif is 

present in PrKD1 and PrKD2, but not PrKD3. PDZ binding motif is where 

autophosphorylation takes place for late sustained PrKD activation. The 

autophosphorylation sites are different between PrKD1 and PrKD2 (Rybin 

et al., 2009) (Image created with BioRender.com). 

 

PrKD activation is initiated from the binding and activation of GPCRs by 

extracellular stimuli, such as growth factors, chemokines and tumour necrosis 

factor (TNF) (Roy et al., 2017). In a canonical pathway, upon receptor stimulation, 

phospholipase Cs (PLCs) are activated to cleave PI(4,5)P2 into DAG and IP3. IP3 

induces intracellular Ca2+ mobilisation. Along with the Ca2+ influx, DAG binds 

classic or novel isoforms of PKC (c/n PKC) at the plasma membrane. In the 
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meantime, DAG binds the C1 domain of the cytosolic PrKD and recruits PrKD to 

the plasma membrane. At the plasma membrane, PrKD colocalised with PKC, 

which in turn induces transphosphorylation at a conserved serine residue in the 

C-terminus of PrKD. Subsequently, this process leads to the autophosphorylation 

of the adjacent serine residue and ease of the autoinhibition from the PH domain, 

as a result of a full activation of the catalytic kinase domain of PrKD (Figure 1.19) 

(Rozengurt et al., 2005).  

 

Alternatively, PrKD activation can occur independent of PKC supported by a 

number of recent studies (Bossard et al., 2007; Aicart-Ramos et al., 2016; Elsner 

et al., 2019). A conserved ULD domain was recently determined to initiate PrKD 

dimerization, leading to trans-autophosphorylation between a pair of the 

conserved C-terminal serine residues and consequently activation of PrKD 

(Reinhardt et al., 2020).  

 

Upon activation, PrKD is involved in regulating downstream signalling proteins 

associated with pathophysiological conditions, particularly in cancer. A variety of 

key signalling targets of PrKD have been identified to be positively or negatively 

associated with cancer development and metastasis, such as -catenin, E-

cadherin, SSH1L and p21-activated kinase 4 (PAK4)/ LIM kinase (LIMK1) 

(Figure 1.19) (detailed in Table 1.2). The three PrKD isoforms mediate distinct 

functional outcomes by interacting with different downstream substrates in 

different cancer types. The conformational changes in the phosphorylated form 

of target substrate induced by PrKD phosphorylation determine the activity status 

of the target substrate (Olayioye et al., 2013). Phosphorylation can enhance the 

binding affinity of target substrate and subsequently form a functional complex 

with downstream proteins or enhance substrate localisation to its target site for 

activation. On the contrary, phosphorylation can inactivate the target substrate. 

The conformation of some phosphorylated substrates can favour binding to 14-

3-3 adaptor proteins, leading to sequestration to the cytoplasm. The binding of 

14-3-3 adaptor protein also prevents substrates from interaction with downstream 

proteins, as a result of inactivation of the target substrate (Roy et al., 2017). 
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Figure 1.19. Schematical diagram showing PrKD activation and 

downstream signalling transduction associated with cell migration 

through interactions with multiple protein kinases. PrKD is activated by 

DAG directly or indirectly through PKC. Activated PrKD is then translocated 

to multiple cellular locations in the cytosols and interacts with a range of 

intracellular target substrates through phosphorylation. The process of 

phosphorylation can either activate or deactivate the activity states of the 

target substrates. Among the target substrates of PrKD, some substrates 

are positive regulators in cell migration while some negatively regulate cell 

migration. Activation of cell migration promoters or deactivation of 

suppressors induces cell migration, which might lead to cancer metastasis  

(Roy et al., 2017) (Image created with BioRender.com). 
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In respect of the involvement of PrKD in cell migration, PrKD is involved in 

maintaining the balance of kinases and phosphatases involved in cofilin activity 

cycle  (Döppler et al., 2014). Cell migration involves extending protrusion 

movement at the leading edge and retracting at the rear of the cell, associated 

with actin cytoskeletal rearrangement. As mentioned previously, actin 

cytoskeletal rearrangement is regulated by a group of actin-associated proteins, 

such as cofilin and Arp2/3 (Stossel et al., 2006). In the mechanistic view of 

protrusion movement, cofilin, an actin-binding protein, severs actin filaments (F-

actin) at the leading edge of migrating cells, generating free barbed ends for actin 

filament turnover. Together with the formation of WAVE-2–cortactin–Arp2/3 

complex, the process ultimately induces F-actin turnover in the formation of a 

branched actin network known as lamellipodia (Bravo-Cordero et al., 2013; Tania 

et al., 2011). The activity of cofilin is tightly controlled, particularly dependent on 

the phosphorylation state of Ser3 regulated by LIMK and slingshot-1L (SSH1L). 

Cofilin can be inactivated by LIMK through phosphorylation of Ser3, as a result of 

suppression of cell migration (Scott and Olson, 2007). On the other hand, cell 

migration can be restored by a phosphatase, SSH1L through dephosphorylation 

of Ser3 (Niwa et al., 2002). Several studies revealed that active PrKD1 plays a 

significant role in inhibition of cell migration. Particularly, PrKD was demonstrated 

to phosphorylate p21-activated kinase 4 (PAK4), an upstream kinase for LIMK1 

(Spratley et al., 2011). Activation of PAK4/LIMK1 signalling leads to the 

accumulation inactive phosphorylated cofilin, which in turn inhibits cell migration. 

A study by Niwa et al., 2002 showed that PrKD1 phosphorylates SSH1L at Ser978. 

This triggers the binding of SSH1L to 14-3-3 proteins and prevents SSH1L from 

localising to F-actin for dephosphorylating cofilin, consequently suppressing cell 

migration. Apart from cofilin, PrKD1 also activates adherens junctional proteins 

(E-cadherin and -catenin) (Du et al., 2009; Jaggi et al., 2005) and RIN1 (Ziegler 

et al., 2011), which mediate inhibition of cell migration. On the other hand, PrKD1 

represses EMT promoter (Snail) (Zheng et al., 2014) and the expression of matrix 

metalloproteinases (MMPs) (Eiseler et al., 2009), which induce cell migration. 

Thus, PrKD1 is thought to be a negative regulator in cell migration. 

 

In contrary, PrKD2 and PrKD3 appear to be positive regulators in cell migration. 

With regards to their expression profile in cancer cell lines, PrKD2 and PrKD3, 

but not PrKD1, are overexpressed in a metastatic triple-negative breast cancer 
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cell line, MDA-MB-231 (Borges et al., 2013; Döppler et al., 2014). It was shown 

that PrKD3 is constitutively active in metastatic cancer cell lines under basal 

conditions (Döppler et al., 2014). Active PrKD3 at basal level specifically 

promotes PAK4/LIMK signalling, though SSH1L is not inactivated, which 

consequently promotes cell migration (Döppler et al., 2014). A number of 

evidence further supports the involvement of PrKD2 and PrKD3 in promoting 

EMT and cell migration. It was demonstrated both isoforms are involved in 

activating multiple regulators or pathways for promoting cell migration, including 

SNAIL through NF-B activation (Zou et al., 2012), MMP (Wille et al., 2014), 

PI3K/AKT/glycogen synthase kinase 3 beta (GSK-3)/-catenin pathway (Zhu et 

al., 2016), urokinase-type plasminogen activator (tPA) (Zou et al., 2012), G-

protein-coupled receptor kinase-interacting protein 1 (GIT1) (Huck et al., 2012).  

 

To summarise, PrKD1, as a negative regulator of cell migration, is typically 

expressed in non-invasive cancer cell lines and downregulated in invasive 

cancer, whereas PrKD2 and PrKD3 are found to be overexpressed in invasive 

cancer cell lines as a role of promoting cell migration and EMT (X. Zhang et al., 

2021). As summarised in Table 1.2, PrKD regulates cell migration through distinct 

downstream signalling pathways in different cancer types. Thus, the functional 

roles of PrKD is not only isoform-specific in cancer, the mechanism of signalling 

transduction by the same PrKD isoform can also be context-dependent, differing 

in cancer types, such as prostate (Du et al., 2010; Jaggi et al., 2005; Zou et al., 

2012; Zhu et al., 2016), breast (Eiseler et al., 2009; Christoforides et al., 2012; 

Zheng et al., 2014; Zou et al., 2012; LaValle et al., 2012; Döppler et al., 2014; 

Huck et al., 2012), liver (Wille et al., 2014; Bernhart et al., 2013) and melanoma 

cancer (Peterburs et al., 2009; Merzoug-Larabi et al., 2017). 
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Table 1.2.  Differential functional roles and mechanisms of the three PrKD isoforms in cell migration and their association with 

different cancer types (adopted from Zhang et al., 2021) 
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1.5  Chemokine receptor internalisation and trafficking 

Chemokine receptors can undergo constitutive receptor internalisation and 

trafficking in the absence of chemokine ligands (Meiser et al., 2008). Although 

the biological significance is not evident for conventional chemokine receptors, 

ligand-independent internalisation has been considered as a mechanism for the 

properties of chemokine scavenger receptors, such as US28 (Fraile-Ramos et 

al., 2003) and D6 (Bonecchi et al., 2004). Though the dynamics of receptor 

sensitisation and desensitisation is highly dependent of ligand stimulation, and 

the receptor trafficking pathways may vary with different receptor-ligand 

combinations involved.  

 

To date, two distinct pathways of receptor endocytosis have been proposed: 

clathrin-dependent pathway and caveolae-dependent pathway (Figure 1.20) 

(Borroni et al., 2010). Some receptors may favour one pathway over the other 

(Signoret et al., 2005), while some may utilise both (Mueller et al., 2002). This 

could be implicated by the constitutive expression of specific adaptor proteins, 

the lipid composition of the plasma membrane in proximity to the receptor domain 

or post-translational modifications of the receptor. 

 

1.5.1 Receptor internalisation through clathrin-dependent pathway 

Clathrin-dependent pathway is the best understood pathway in GPCR 

endocytosis (Ferguson et al., 1996). Particularly for chemokine receptor 

internalisation, clathrin-mediated pathway is demonstrated an important role for 

a variety of chemokine receptors, including CXCR1 (Barlic et al., 1999), CXCR2 

(Yang et al., 1999), CXCR4 (Signoret et al., 1997), CCR5 (Signoret et al., 2005) 

and CCR7 (Otero et al., 2006). Following the binding of chemokine ligand, 

intracellular kinases, such as G-protein coupled receptor kinases (GRKs) and 

protein kinase C (PKC), phosphorylate serine and threonine residues in the 

intracellular loops and carboxyl-terminus of chemokine receptors (Borroni et al., 

2010). Together with the di-leucin motifs in the carboxyl-terminal domain, the 

phosphorylated receptor facilitates the recruitment of adaptor proteins associated 

with clathrin. The main adaptor proteins are adaptin 2 (AP-2) (Laporte et al., 

1999) and -arrestins (Goodman et al., 1996; Robinson, 2015). Evidence 

revealed that phosphorylated residues in the carboxyl terminus and intracellular 
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loops are necessary for -arrestin binding (Cheng et al., 2000; Hüttenrauch et al., 

2002). AP-2 binding involves highly conserved Leu-Leu, Ile-Leu, Leu-Ile motifs in 

the carboxyl terminus (Heilker et al., 1996). After the assembly of clathrin-coated 

pits, the plasma membrane is then invaginated by the action of the GTPase 

dynamin, inducing the budding of clathrin-coated pits and severing from the 

plasma membrane. The receptor-ligand complex are eventually translocated to 

the early endosomal compartment (Figure 1.20) (Hanyaloglu and Zastrow, 2008; 

van der Bliek et al., 1993).  

 

 

Figure 1.20. Schematical diagram summarising the two major 

pathways in chemokine receptor internalisation. A: Clathrin-dependent 

pathway; B: Caveolae-dependent pathway.  In clathrin-dependent pathway, 

following the activation of chemokine receptor, receptor is phosphorylated 

by intracellular kinases, which facilitates the recruitment of -arrestins. -

arrestins serve as scaffold proteins and associate with clathrin and other 

adaptor proteins, e.g. AP2, in the assembly of a clathrin-coated pit on the 

plasma membrane. By the action of dynamin, the plasma membrane is 

subsequently invaginated, inducing the budding of clathrin-coated pit and 

endocytosis of the receptor complex into the early endosomes (Signoret et 

al., 1997). In caveolae-dependent pathway, the process is primarily 

dependent of lipid rafts, named caveolae, localised in the plasma 
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membrane. Without the requirement of receptor phosphorylation, upon the 

stimulation of chemokine ligands, chemokine receptor is internalised 

together with caveolae to form a caveosome compartment by the action of 

dynamin. The caveosome then fuses with early endosomes independent of 

clathrin (Nichols and Lippincott-Schwartz, 2001). In both pathways, 

consequently, the fate of receptor is dependent of its localisation either in 

the late endosomal compartment for lysosomal degradation or the 

perinuclear compartment for recycling (Ferguson, 2001) (Image created 

with BioRender.com). 

 

In the aspect of molecular dynamics of clathrin-dependent receptor endocytosis, 

the process begins with nucleation of a group of plasma membrane adaptor 

proteins, such as F-BAR domain proteins and clathrin (Ehrlich et al., 2004). By 

the acquisition of cargo and interaction with receptor, the plasma membrane 

proteins are stabilised to form a clathrin-coated pit (CCP), followed by CCP 

invagination via clathrin polymerisation (Gaidarov et al., 1999) together with the 

addition of adaptor proteins and actin (Ferguson et al., 2009). The deeply 

invaginated CCP is then formed with an invaginated neck that is pinched off by 

the action of the GTPase dynamin and phosphoinositide (PI) phosphatase 

(Bashkirov et al., 2008; Liu et al., 2010). The clathrin-coated vesicle (CCV) is 

uncoated in the recruitment of GAK/auxilin proteins, and subsequently processed 

by endosomal machinery (Lee et al., 2006) (Figure 1.21). 

 

 

Figure 1.21. Schematical diagram showing the molecular dynamics of 

clathrin-dependent endocytosis. The process begins with nucleation of 

adaptor proteins on the plasma membrane, which are in turn stabilised by 

the interactions with cargos to form a CCP. CCP is invaginated via clathrin 
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polymerisation, followed by scission by the action of the GTPase dynamin. 

Through the recruitment of GAK/auxilin, CCV is formed and uncoated, 

which is subsequently processed by endosomal machinery (Image taken 

from Taylor et al., 2011). 

 

1.5.2 Receptor internalisation through caveolae-dependent pathway 

Alternative pathway of receptor endocytosis, independent of clathrin, is regulated 

by caveolae (also known as lipid rafts). The lipid rafts are cholesterol and 

glycosphingolipid-rich, detergent-resistant structures localised in the plasma 

membrane (Anderson, 1998). The lipid rafts are formed by a set of caveolin 

proteins (caveolin-1, -2, and -3) in oligomer held by the hydrophobic interactions 

between sphingomyelin and glycosphingolipids (Anderson, 1998). The 

microdomain is stabilised by the intercalation of cholesterol molecules (Figure 

1.22) (Anderson, 1998; Williams and Lisanti, 2004). In the formation of membrane 

invaginations, the key proteins involved are caveolin, cavins, the BAR protein 

domain-containing syndapin/Pacsin2, and the dynamin-related ATPase EHD2 

(Parton et al., 2020b) (Figure 1.23). Current studies proposed that the 

incorporation of caveolin proteins and cholesterol molecules is crucial in the 

formation of the bulb-shaped membrane invaginations (Hayer et al., 2010; Ariotti 

et al., 2015). Cavins oligomerise into trimers, which surround the membrane 

invagination in the formation of caveolar coating (Gambin et al., 2014). Pacsin2 

and EHD2 are localised at the neck of the membrane invaginations and involved 

in bending and stabilising caveolae (Hansen et al., 2011; Morén et al., 2012). 
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Figure 1.22. Structure of caveolae (also known as lipid rafts) in the 

plasma membrane. The lipid rafts are comprised of cholesterol and 

glycosphingolipids localised in the plasma membrane. A unit of lipid rafts 

are formed by a set of caveolin proteins in oligomer held by hydrophobic 

interactions between sphingomyelin and glycosphingolipids and stabilised 

by cholesterol (Image taken from Williams and Lisanti, 2004). 
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Figure 1.23. Structure of caveolae-coated membrane invaginations. 

The assembly of membrane proteins, including actin, caveolin, cavins, the 

BAR protein domain-containing syndapin/Pacsin2, and the dynamin-related 

ATPase EHD2 triggers the formation of membrane invaginations for 

caveolae-dependent endocytosis (Parton et al., 2020b) (Image taken from 

Matthaeus and Taraska, 2021). 

 

In general, four steps are involved in the process of caveolae-dependent receptor 

internalisation: (1) caveolae dynamics at the plasma membrane, (2) caveolae 

detachment from plasma membrane, (3) intracellular trafficking either through 

endosomes or other intracellular organelles, (4) recycling of caveolae. Receptors 

on the plasma membrane are constitutively localised with the cytoplasmic coat 

on caveolae (Parton and Howes, 2010; Cheng and Nichols, 2016). Caveolae-

dependent endocytosis begins with the assembly of caveolae proteins to form 

membrane invaginations associated with the receptor as mentioned above. How 

the receptor activation by the ligand triggers the process of caveolae dynamics is 

yet to be elucidated. In caveolae detachment, it was revealed that the removal of 

EHD2 from the neck of caveolae promotes detachment from plasma membrane 

followed by intracellular trafficking (Morén et al., 2012). Apart from EHD2, 

dynamin has also been proposed to be involved in this process (Nichols and 

Lippincott-Schwartz, 2001). Yet, whether dynamin interacts directly with caveolae 

or in combination with other intracellular proteins needs to be further investigated. 
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Following caveolae detachment from plasma membrane, the receptor-caveolae 

complex is internalised and traffic to intracellular organelles (Pelkmans et al., 

2004; Bravo-Sagua et al., 2019; Foster et al., 2020). In the conventional endocytic 

pathway, the receptor-caveolae complex transport to endosomes, followed by 

being directed either into lysosome for degradation or back to plasma membrane 

for recycling (Pelkmans et al., 2004). This will be detailed in the next section. 

Other trafficking pathways involving endoplasmic reticulum (ER) and 

mitochondria has recently been uncovered by the advances in proteomics and 

imaging. Caveolae has been found to form specific contact sites with ER or 

mitochondria following translocation from the plasma membrane to ER or 

mitochondria in the regulation of energy and metabolism (Bravo-Sagua et al., 

2019; Foster et al., 2020). However, further downstream mechanisms involved is 

yet to be investigated. 

 

Relating to chemokine receptors, CCR2 (García Lopez et al., 2009), CCR4 

(Mariani et al., 2004), CCR5 (Mueller et al., 2002; Fraile-Ramos et al., 2003) and 

CXCR4 (Mañes et al., 2000) have been demonstrated to use caveolae-

dependent pathway, in addition to clathrin-dependent pathway. Post-translational 

modification of chemokine receptors is a key factor for association with the lipid 

rafts. More specifically, the palmitoylation of cysteine residues in C-terminal tail 

in CCR5 is prone to insertion in cholesterol-enriched raft microdomains, which 

structurally favours the caveolae-dependent pathway (Venkatesan et al., 2003).  

 

1.5.3 Receptor degradation and recycling 

In both pathways of receptor internalisation, following endocytosis of receptor, 

the receptor-ligand complex then localises to Rab5-positive early endosome. 

PI3K is recruited by Rab5, promoting PI(4,5)P2 accumulation (Miaczynska and 

Zerial, 2002). In the recruitment of early endosomal antigen-1 (EEA-1), the 

process stimulates fusion of the receptor-ligand complex with early endosomes, 

particularly for CXCR4 and CCR5 (Bucci et al., 1992; Venkatesan et al., 2003). 

Subsequently, the fate of receptor is dependent of its localisation either in the late 

endosomal compartment for lysosomal degradation or the perinuclear 

compartment for recycling back to the plasma membrane (Figure 1.20) 

(Ferguson, 2001).  
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For receptor degradation, the receptor complex transports to Rab7-positive late 

endosome. Rab7, in association with microtubule motor proteins, mediates 

translocation of late endosome to lysosome for lysosomal degradation (Jordens 

et al., 2001). Studies demonstrate that prolonged treatment of chemokine ligand 

results in translocation of receptor to lysosomal-associated membrane protein-1 

(LAMP-1)-positive lysosomal compartment regulated by Rab7 (Marchese and 

Benovic, 2001; Fan et al., 2003). 

 

For receptor recycling, there are two pathways: slow and rapid. Rab11a is 

responsible for the slow recycling process, whereas Rab4 contributes to the rapid 

process. The receptor complex can localise in Rab11a-positive perinuclear 

recycling compartment and trafficking back to the membrane (Ullrich et al., 1996). 

Alternatively, rapid recycling, which bypasses Rab11a-positive endosomes, can 

occur in a PI3K-dependent manner through the Rab4-positive endosomes. 

Instead of localising in Rab11a-positive compartment, receptor complex is 

recycled via Rab4-positive endosomes (Hunyady et al., 2002). 

 

1.6 Roles of CCR5 in cancer 

CCR5, a chemokine receptor for the chemokine ligands: CCL3 (MIP1), CCL4 

(MIP1) and CCL5 (RANTES), was first discovered in 1996 and known to be a 

HIV-1 co-receptor. Studies later revealed the immune-associated roles of CCR5 

in clearance of viral infections, allograft rejection and autoimmunity. Emerging 

evidence demonstrates the controversial pro- and anti-tumour roles of CCR5 in 

cancer.  

 

The anti-tumour role of CCR5 is implicated by the expression of CCR5 in CD4+, 

CD8+ T cells and antigen-presenting cell acting as a coordinator to potentiate 

CD8+ T cell priming. Subsequently, CD8+ T cell infiltrates from the lymph node to 

the tumour environment as a result of tumour clearance (González-Martín et al., 

2012). On the other hand, evidence shows that CCR5 in myeloid cells contributes 

the pro-tumour role in cancer metastasis. The secretion of CCL3, 4 and 5 from 

tumour cells initiates proliferation of CCR5+ polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs) at the bone marrow, which in turn triggers PMN-

MDSCs to mobilise from the bone marrow to the tumour site through the blood 
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circulation. The colonisation of PMN-MDSCs within the tumour environment 

inhibits the anti-tumour function of T cells. Along with inducing arginase-1 (Arg-

1), PMN-MDSCs potentiate the immune-suppressive effect in tumour and 

promote tumour growth (Hawila et al., 2017). 

 

By translating the immunosurveillance roles of CCR5 into a clinical trial, it was 

demonstrated that inhibition of CCL5/CCR5 axis using a CCR5 antagonist, 

maraviroc, leads to repolarisation of tumour-associated macrophages in 

colorectal cancer (CRC), resulting in mitigating pro-tumour inflammatory 

microenvironment (Halama et al., 2016). This finding has proven CCR5 

antagonist has potential to be an adjuvant therapy for metastatic cancers. Yet, 

the activity of CCR5 on T cells in other cancer types remain to be elucidated as 

it could be context dependent. 

 

1.6.1 Structure of CCR5 

The human CCR5 receptor is made up of 352 amino acids with a molecular 

weight of 40.6kDa (Samson et al., 1996). As mentioned previously, chemokine 

receptors typically contain an extracellular N-terminus, seven transmembrane 

domains (7TMDs) including two antiparallel β-sheets, three disulfide bonds, an 

amino-terminal α-helix linked by three extracellular loops (ECLs) and three 

intracellular loops (ICLs), and a cytoplasmic C-terminus (Figure 1.24). Within the 

conserved structure, CCR5 additionally possesses specific motifs of ionic or 

hydrophobic regions with post-translational modifications that dictates chemokine 

ligand binding and functional responses of the receptor (Figure 1.24).  



 

 

Figure 1.24. Two-dimensional structure of CCR5. Protein structure of 

CCR5 indicating important regions, including disulfide linkages 

(represented by the dotted lines), DRYLAVVH motif (highlighted in blue), 

palmitoylation C-terminal site (represented by the zig-zag lines), sulfate and 

phosphate moieties (boxed “S” and “P”)  (Image taken from Barmania and 

Pepper, 2013). 

 

Tyrosine and acidic amino acid-rich N-terminus is critical in chemokine binding 

and HIV co-receptor activity (Dragic et al., 1998; Blanpain et al., 1999a). By post-

translationally sulfation of the N-terminal tyrosine residues in CCR5, it facilitates 

the receptor interaction with ligands and gp120 of HIV due to the increase in the 

net negative charge (Farzan et al., 1999). In addition, O-linked glycosylation 

modification of N-terminal Ser6 was also found to affect chemokine binding affinity 

of CCR5 (Bannert et al., 2001). Like other chemokine receptors, the three ECLs 

and N-terminus is featured with cysteine residues which are critical in cell surface 

receptor expression. It was demonstrated that the cysteine mutants in CCR5 

diminishes their response to CCR5 agonists due to reduced cell surface 

expression (Blanpain et al., 1999b). Within the ICLs, there is a conserved 

sequence motif (DRYLAVVA) in the second ICL and the short third ICL contains 

charged amino acids (Oppermann, 2004). It is notable that there is a conserved 
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disulfide bridge between the first and second ECLs, and an additional disulfide 

bond is found between the N-terminus and third ECL (Tan et al., 2013). The 

disulfide bonds play an important role in stabilising receptor conformation in a 

form of constraint in ECL, which is essential for specific ligand binding (Perlman 

et al., 1995; Dohlman et al., 1990; Wheatley et al., 2012). In the second TMD, a 

specific TxP motif, consisting of threonine and proline residues with any amino 

acids in-between annotated by “x”, creates a structural constraint for receptor 

functionality (Govaerts et al., 2001). At the C-terminus, the region is enriched in 

serine and threonine residues, which are the phosphorylation sites for G-protein 

coupled receptor kinases (Oppermann et al., 1999). Apart from N-terminus, other 

PTMs also take place at the C-terminus that affect CCR5 cell surface expression 

and functionality (Blanpain et al., 2001; Percherancier et al., 2001). A study 

showed that palmitoylation at Cys321, Cys323 and Cys324 of the C-terminus is 

involved in receptor-mediated endocytosis via caveolae, facilitating transport of 

CCR5 from the cell surface (Blanpain et al., 2001; Venkatesan et al., 2003). 

 

In respect to the binding modes of CCR5-CCL3 complex, the N terminus of CCR5 

interacts with a groove between the N-loop, 40s-loop and β3-strand in CCL3. The 

three potentially sulphated tyrosine residues (Y10, Y14 and Y15) in the N 

terminus of CCR5 are known to be essential for binding to positively charged 

residues of CCL3 (R17, K44, R45 and R47) (Figure 1.25) (Zhang et al., 2021). 

Apart from the tyrosine-based interactions, other interactions have been 

identified: a hydrophobic interaction between the residues (I9, Y10 and I12) in 

CCR5 and residue (F23) in CCL3, and a hydrophilic interaction between residues 

(D11 and N13) in CCR5 and residue (R47) in CCL3 (Zhang et al., 2021) (Figure 

1.25). 

 

At the CRS2 region, the N terminus of CCL3 adopt a ‘hook’-like conformation 

stabilised by a salt bridge formed between the negatively charged residue (D5) 

in CCL3 and the positively charged nitrogen of residue (S1) (Figure 1.25). In the 

formation of hydrophobic interactions with W862.60, T1053.29, Y1083.32 and 

F1093.33 [superscript indicates Ballesteros-Weinstein nomenclature for GPCRs] 

(Ballesteros and Weinstein, 1995) in helices II and III of CCR5, the first three 

residues of CCL3 accommodate at the bottom of the binding pocket (Figure 1.25)  

(Zhang et al., 2021). 
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Figure 1.25. Molecular models of receptor-chemokine (CCR5-CCL3) 

complexe. (a) Overall chemokine CCL3 binding mode in CCR5 including 

regions of CRS1, CRS1.5 and CRS2. CCR5 is coloured in gold and CCL3 

is coloured in magenta. The regions of CRS1, CRS1.5 and CRS2 are 

indicated by grey dashed lines; (b) The closer illustration of the CRS1 of the 

CCR5-CCL3 structure.The key residues involved in interactions between 

CCR5 and CCL3 are shown as structural skeletons coloured in gold and 

magenta respectively. The two interaction cores apart from the tyrosine-

based interactions are indicated by green dashed circles; (c) Illustration of 

the CRS2 of the CCR5-CCL3 structure showing the binding mode of the 

CCL3 residues (S1-A3); (d) Illustration of the CRS2 of the CCR5-CCL3 

structure showing the binding mode of the CCL3 residues (A4-T6). The 

residues involved in interactions between CCL3 and CCR5 are shown as 

structural skeleton coloured in magenta and blue respectively. The polar 

interactions are indicated as green dashed lines (Image taken from Zhang 

et al., 2021). 
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1.6.2 CCR5-targeting small molecules 

Maraviroc, is the only CCR5-targeting drug clinically approved for AIDS treatment 

(Table 1.3) (Dorr et al., 2005). In the clinical application of anti-cancer therapy, 

maraviroc has been progressed to a phase II clinical trial for liver metastases of 

advanced refractory colorectal cancer (CRC) as a combination therapy 

(clinicaltrials.gov identifier: NCT01736813) (Halama et al., 2016). Maraviroc is 

characterised as an inverse agonist of CCR5, which was demonstrated to 

stabilise CCR5 in an inactive conformation (Garcia-Perez et al., 2011b). With 

regards to the structure of CCR5, the highly conserved residues, Trp2486.48 and 

Tyr2446.44 [superscript indicates Ballesteros-Weinstein nomenclature for GPCRs] 

(Ballesteros and Weinstein, 1995), are involved in relaying the conformational 

changes in the binding pocket into the cytoplasmic domain following ligand 

binding (Katritch et al., 2013). Within the conformation of both residue in inactive 

state of CCR5, the phenyl group of Maraviroc interacts with Trp2486.48 

[superscript indicates Ballesteros-Weinstein nomenclature for GPCRs] 

(Ballesteros and Weinstein, 1995) through hydrophobic interactions, preventing 

from the activation of CCR5. The inactive conformation of CCR5/Maraviroc 

complex triggers a locking effect of helix VI with other helices of the 7TM domains 

by ionic interactions between residues at the intracellular side of CCR5, which 

prevent from G-protein binding (Garcia-Perez et al., 2011b). It was also shown 

that Maraviroc is an allosteric modulator that inhibits the interaction of chemokine 

with CCR5 at an allosteric site of the receptor (Garcia-Perez et al., 2011a). 

Relating to the mechanisms of HIV-1 infection, the N-terminus and ECL2 of CCR5 

are the major counterparts in gp120 binding on HIV-1 (Huang et al., 2007). The 

mode of action of Maraviroc is thought to be by interfering with the binding of 

gp120 in an allosteric inhibition manner by stabilising CCR5 in inactive 

conformation, leading to inactivation of CCR5 (Garcia-Perez et al., 2011a). 

 

1.7 Roles of CXCR4 in cancer 

CXCL12/CXCR4 signalling is well-known to play a critical role in homeostasis 

and pathogenesis in malignant diseases including cancer supported by 

numerous studies (García-Cuesta et al., 2019; Mortezaee, 2020). CXCR4 is 

shown to be highly expressed in various types of cancer: breast cancer (Chen et 

al., 2013), colorectal cancer (CRC) (D’Alterio et al., 2016), renal cell carcinoma 

(RCC) (Pan et al., 2006), pancreatic cancer (Zhang et al., 2018), adrenocortical 
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cancer (Bluemel et al., 2017) and prostate cancer (Akashi et al., 2008). However, 

the functional significance in tumorigenesis and metastasis might not be 

implicated by high expression of CXCR4. No correlation between CXCR4 

expression and the extent of metastasis and tumour growth was observed in 

some types or subtypes of cancer (Akashi et al., 2008; Chen et al., 2013). 

 

There is emerging evidence that the CXCL12/CXCR4 axis is involved in 

modulating immune surveillance contributing to cancer growth and invasion. 

Studies demonstrate that CXCL12/CXCR4 signalling leads to transforming 

growth factor (TGF)-mediated metastasis through the infiltration of myeloid-

derived suppressor cells (MDSCs) into tumours (Yang et al., 2008), and also 

suppresses NK cell-mediated immune surveillance in tumours to enhance tumour 

growth (Yang et al., 2018). Moreover, a recent study shows that CXCR4 inhibition 

has synergistic effect of anti-PD1 therapy by activating and enhancing T-cell 

infiltration to tumours (Zboralski et al., 2017). Taken together, these findings 

support CXCR4 targeting could potentially be a therapeutic target to improve 

immune surveillance in cancer for positive prognosis. 

 

1.7.1 Structure of CXCR4 

The overall structure of CXCR4 (Figure 1.26) is similar to CCR5 as described 

above, however, CXCR4 also displays some structural differences that 

differentiate CXCR4 binding to its cognate chemokine ligands and functional 

responses from other chemokine receptors. With regards to the differences in the 

disposition of the TM domains in CXCR4, a tighter helical turn of helix II on the 

extracellular side was observed in CXCR4, which redefines a ligand-binding 

pocket differential from other chemokine receptor models. Also, CXCR4 

possesses longer helices V and VII reaching further into the extracellular space 

(Wu et al., 2010). On the intracellular side, an extended conformation of the C-

terminus is adopted by CXCR4, which forms a number of contacts with symmetry-

related molecules, for example, IT1t. Unlike CCR5, the palmitoylation sites at the 

C-terminus are absent in CXCR4 (Wu et al., 2010).  
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Figure 1.26. Two-dimensional structure of CXCR4. Protein structure of 

CXCR4 indicating the DRYLAVVH motif (circled in blue) and key residues 

interacting with AMD3100 (highlighted in blue), IT1t (highlighted in red) and 

both (highlighted in purple) (Image taken from Caspar et al., 2022). 

 

With respect to distinct binding modes of CXCR4-CXCL12 complex, the basic N-

loop and β2-β3 loops of CXCL12 interact with a sulfotyrosine specifically present 

in the proximal N terminus of CXCR4. This interaction is further enhanced by an 

epitope in the β3 strand of CXCL12 that interacts with residues (D22 and E26) in 

CXCR4 (Figure 1.27) (Qin et al., 2015). Moreover, particularly for CRS1.5, the 

binding region of CXCL12 is bend without formation of protein-protein interface 

contacts (Figure 1.27), unlike CCL3 with a straight binding region through β-

sheet interactions within chemokine dimers (Zhang et al., 2021). The bend region 

directs the N terminus of CXCL12 towards helices V and VI of CXCR4 in the 

formation of hydrogen bonding between CXCL12 (R8) and CXCR4 (D2626.58) 

[superscript indicates Ballesteros-Weinstein nomenclature for GPCRs] 

(Ballesteros and Weinstein, 1995) (Figure 1.27). These residues are highly 

conserved in CXC- chemokines and receptors, but not in CC- chemokines and 

receptors (Qin et al., 2015).. 
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As illustrated previously that CXC- chemokines can dimerise by β1 strands 

(Figure 1.5) (Miller and Mayo, 2017), the conformation of the CXCL12 dimers 

favours the binding to single receptor subunits in a CXCR4 dimer, instead of 

binding to both subunits in a receptor dimer (Figure 1.27) (Qin et al., 2015). 

 

Figure 1.27. Molecular models of receptor-chemokine (CXCR4-

CXCL12) complex. (a) CRS1 and CRS1.5 interactions in CXCR4-CXCL12 

complex annotated with key binding components. CXCR4 is coloured in 

grey and CXCL12 is coloured in orange; (b) CRS2 interactions in CXCR4-

CXCL12 complex annotated with key residues involved; (c) Superposition 

of the CXCL12 dimer onto the CXCR4 dimer. Two subunits of the CXCL12 

dimer are coloured in orange and green respectively. Two subunits of the 
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CXCR4 dimer are coloured in grey and black (Image taken from Qin et al., 

2015). 

 

1.7.2 CXCR4-targeting small molecules 

In the past decade, multiple small molecule CXCR4 antagonists have been 

developed based on established knowledge and evidence on CXCR4 structure 

and its functional importance in cancer (Table 1.3) and other immune disorders. 

The most well-known CXCR4 antagonist is Plerixafor (also known as Mozobil, 

AMD3100), which was initially approved by the US Food and Drug Administration 

(FDA) for autologous transplantation in patients with Non-Hodgkin’s lymphoma 

(NHL) or multiple myeloma (MM) (De Clercq, 2005). Currently, clinical trials for 

anti-cancer application are in progress from safety assessment of drug 

administration in Phase I to effectiveness testing for various types of cancer in 

Phase II (De Clercq, 2019). AMD3100 is a reversible antagonist for CXCR4. 

Through reversibly blocking of CXCL12/CXCR4 interaction, the mechanism of 

action by AMD3100 is to mobilise CXCR4-expressing hematopoietic stem cells 

from their reservoir in the bone marrow containing high concentration of CXCL12 

(Liles et al., 2003). In the structural aspects of AMD3100, AMD3100 is composed 

of two cyclam moieties with a heteroaromatic phenylenebis(-methylene) linker in-

between, known as bicyclam. It mainly binds into the major binding pocket of 

CXCR4, where one cyclam ring interacts with Asp171 in helix IV, whereas 

another is intercalated between the carboxylic acid groups of Asp262 and Glu288 

in helices VI and VII respectively (Rosenkilde et al., 2007). 

 

Apart from AMD3100, other CXCR4 antagonists intended for application in 

cancer, HIV and Warts, Hypogammaglobulinemia, Infections, and Myelokathexis 

(WHIM) syndrome have been developed, including mavorixafor (X4P-001) (Dale 

et al., 2021), LY2510924 (Peng et al., 2015), balixafortide (POL6326) (Pernas et 

al., 2018) and BKT140 (BL-804) (Peled et al., 2014). They are currently in clinical 

trials, and unfortunately some failed to be clinically approved due to high toxicity, 

low efficacy or poor pharmacokinetic properties.  

 

Particularly for cancer, CXCR4 antagonists is generally thought to be synergistic 

to chemotherapy as an adjuvant therapy in metastatic cancers. Cancers under 

investigations include relapsed acute myeloid leukaemia (AML) (NCT00512252) 



 95 

(Uy et al., 2012), advanced pancreatic, ovarian and colorectal cancers 

(NCT02179970) (Theme, 2019) (NCT03277209) (Weill Medical College of 

Cornell University, 2020).  

 

Recently, emerging studies proposed a new mode of action of CXCR4-targeted 

ligands using a small molecule inverse agonist, IT1t. IT1t is characterised as an 

immunomodulator for CXCR4 through the activation of a non-canonical pathway 

(Thoma et al., 2008). Unlike AMD3100 targeting the major pocket, IT1t targets 

the minor pocket of CXCR4 defined by the side chains from helices I, II, III and 

VII. IT1t consists of two cyclohexane rings connected by a short flexible linker 

with an imidazothiazole ring. Both cyclohexane rings dock into the binding 

pockets of CXCR4 through hydrophobic interactions, while the imidazothiazole 

ring forms ionic interactions with Glu288 in helix VII of CXCR4 (Wu et al., 2010).  

Signalling of CXCR4 minor pocket targeted by IT1t has been thought to be distinct 

from the signalling of CXCL12 or AMD3100 interacting with the major pocket of 

CXCR4 (Caspar et al., 2022). In canonical pathway, CXCL12 primarily activates 

G-protein dependent pathways for downstream signalling, or recruits -arrestin-

2 following C-terminal phosphorylation by GRKs leading to clathrin-dependent 

receptor internalisation (Heuninck et al., 2019). Recent findings revealed that 

signalling of CXCR4 minor pocket mediates non-canonical signalling pathway, 

which directly interacts with the downstream signalling of Toll-like receptor (TLR) 

activation regulating type-I interferon (IFN) levels (Gomariz et al., 2010). This 

implies that IT1t potentially blocks TLR activation and reduces IFN level, exerting 

anti-inflammatory effect. Moreover, IT1t was demonstrated to completely block 

CXCL12-induced CXCR4 internalisation (White et al., 2020). Whether IT1t is 

directly involved in G-protein independent signalling through -arrestin 

recruitment is yet to be investigated. On the other hand, CXCL12 also promotes 

dimerisation of CXCR4, which is shown to be correlated with the basal activity of 

Gi protein coupled to CXCR4 (Işbilir et al., 2020). IT1t was demonstrated to inhibit 

CXCR4 dimerisation, which in turn block the basal activity of Gi (Işbilir et al., 2020; 

Mona et al., 2016). This could lead to an increase in cAMP concentration and a 

reduction in G-protein dependent signalling including Ca2+ mobilisation, activation 

of MAPK cascade and PI3K/AKT pathway. These decremental outcomes are 

linked to anti-inflammatory effects with a reduction in pro-inflammatory mediators 

and an increase in anti-inflammatory mediators. Accumulating the findings on 
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IT1t, IT1t could be a potential CXCR4-targeting molecule for cancer 

immunotherapy. 
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Table 1.3. List of CCR5 and CXCR4 antagonists currently on clinical trial for the application of cancer therapy 
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1.8 Concluding remarks 

Chemokine signalling is a complicated, multidimensional system that involves 

redundancy of chemokine receptor-ligand binding, biased signalling and highly 

context-dependent signalling properties. As described above, chemokine 

signalling plays a critical regulatory role in a diversity of cancer types in either 

tumour-promoting or tumour-suppressive manner. Therefore, accurately 

understanding the mechanisms underlying the complexity of chemokine 

signalling system is necessary for the design and development of chemokine-

targeted therapies. By applying novel chemokine-targeted drugs in combination 

with conventional chemotherapy or immune therapy, it is aimed to better improve 

therapeutic outcomes and reduce toxicity and side effects. In summary: 

 

• Chemokine ligands can form dimers or interact with GAGs that adopt 

different conformations and binding interfaces with chemokine receptors, 

which could lead to selectivity in receptor binding and signalling bias. 

 

• Formation of chemokine receptor homodimers and heterodimers 

contributes to ligand and functional selectivity, exhibiting allosteric 

properties in receptor pharmacology. 

 

• Protein kinases exhibits isoform-specific roles in receptor phosphorylation 

(known as phosphorylation barcode) and phosphorylation of specific 

downstream signalling proteins that divert signalling transduction towards 

a selective pathway. 

 

• Activated chemokine receptors not only could signal from cell surface 

through G proteins, but also could signal after internalisation independent 

of G proteins from subcellular sites and activate distinct signalling 

pathways. 

 

• The signalling pattern of chemokine system strongly vary between cell 

types as different cellular contexts exhibit different receptor expression 

profiles and different sets of proteins in different isoforms directly or 

indirectly interacting with the receptors. In this respect, distinct interactions 
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between different signalling partners could contribute to a variety of 

cellular outcomes in different cell types. 

 

 

1.9 Research objectives 

The introduction has detailed more thorough understanding on the structural 

aspects of chemokines and chemokine receptors to elucidate biased signalling in 

relation to favourable conformational changes revealed by numerous latest 

studies. In the past decade, emerging research focussed on G protein-

independent signalling with the involvement of -arrestins as it was found to be 

adopted by atypical chemokine receptors particularly and even conventional 

chemokine receptors in signalling modulation. In the process of G protein-

independent signalling, it involves receptor phosphorylation by protein kinases, 

receptor internalisation and interactions with intracellular proteins for downstream 

signalling. In order to assess ligand-receptor interactions and interactions 

between intracellular proteins, studies were performed mainly using 

bioluminescence resonance energy transfer (BRET)–based and Förster 

resonance energy transfer (FRET) –based techniques in transfected cells. 

However, the cell lines compatible for these techniques are very limited in current 

technology. As mentioned previously, chemokine signalling system is highly 

context dependent. The observations from the effects of chemokine signalling 

can be cell-specific. Also, the techniques depend on cell transfection, which could 

generate artifacts as a result of overexpression of proteins of interest. The results 

might not accurately reflect the signalling mechanisms happening in cancer cell 

lines. By addressing these issues, there is a need to use cell lines derived from 

different types of cancer and endogenously expressing chemokine receptors as 

study models to support and confirm the accuracy of the latest findings. 

 

Although many studies have been done on investigating the roles of critical 

downstream signalling proteins, such as -arrestins and protein kinases, there 

are still some gaps in understanding on their roles particularly in CCL3-CCR5 and 

CXCL12-CXCR4 signalling axes. Also, there is lacking evidence on the possibility 

of isoform-specific and cell-specific differences in signalling outcomes. 
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To achieve these, the experimentation that was undertaken is as follow: 

 

Chapter 3: Characterise chemokine-induced responses in different cancer cell 

lines. We hypothesised that different cancer cell lines express different receptor 

profiles and signalling proteins, resulting in different signalling patterns and 

resultant cellular responses mediated by chemokine stimulation. By using 

different cancer cell lines representing different cancer types (adherent breast 

cancer MCF-7 cells, T-cell leukaemia Jurkat cells and monocytic leukemia THP-

1 cells), cell surface expression profile on a range of common chemokine 

receptors (CXCR1, CXCR2, CXCR3, CXCR4, ACKR3 and CCR5) was 

determined to identify which chemokine receptors are overexpressed. Focussing 

on the chemokine receptors overexpressed in the cancer cell lines, cellular 

responses were tested in the stimulation of chemokine ligands associated with 

the receptors, including intracellular calcium mobilisation, actin cytoskeletal 

rearrangement, chemotaxis and receptor internalisation. 

 

Chapter 4: Investigate the mechanisms underlying chemokine-induced receptor 

internalisation. We hypothesised that cancer cells adopt either one of the 

pathways of receptor internalisation (clathrin-dependent and caveolae-

dependent pathways) or both in context-dependent manner upon chemokine 

stimulation. By using two different cancer cell lines (adherent breast cancer MCF-

7 cells and T-cell leukaemia Jurkat cells), the preferential pathways of 

chemokine-induced receptor internalisation were explored particularly on CCL3-

CCR5 and CXCL12-CXCR4 signalling axes. To determine the involvement of the 

major signalling components, caveolin-1 (Cav-1) and -arrestins, in receptor 

internalisation, immunofluorescence staining of caveolin-1 (Cav-1) was 

undertaken to reveal the effects of chemokine stimulation on expression level.  

For -arrestins, overexpression of different isoforms of -arrestins (arrestin-2, 

arrestin-3 and arrestin mutant) by plasmid DNA transfection was undertaken to 

examine the isoform-specific involvement and localisation of -arrestins in 

chemokine-induced receptor internalisation. Furthermore, for the receptor 

internalisation assay, fluorescence-based flow cytometry was undertaken to 

quantify cell surface receptor expression in chemokine-stimulated condition 

comparable to basal condition. The roles of caveolae and clathrin in chemokine-

induced receptor internalisation were determined by utilising small molecule 
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inhibitor treatments: membrane cholesterol-blocking agents and clathrin 

inhibitors respectively. 

 

Chapter 5: Determine the roles of protein kinase D (PrKD) in regulating 

chemokine-induced cellular responses. We hypothesised that PrKD 

phosphorylation induces a variety of cellular responses contributing to cell 

migration in different cancer cell lines. In the application of two pan-PrKD 

inhibitors, the roles of PrKD in multiple cellular responses (Ca2+ mobilisation, 

chemotaxis, actin rearrangement and receptor internalisation) were determined 

in MCF-7 and Jurkat cells. By comparisons of the effects of the PrKD inhibitors in 

different cancer cell lines under CCL3 or CXCL12 stimulation, cell-specific or 

ligand-specific effects of PrKD can be confirmed. Furthermore, knockdown of 

protein kinase D 2 (PrKD2) using plasmid DNA transfection was attempted to 

identify isoform-specific effects in chemokine-induced cellular responses in MCF-

7 cells. 
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Chapter 2: Materials and methods 

 

2.1 Cell lines and tissue culture 

2.1.1 Cell culture medium and cell lines 

A list of cell culture medium is detailed below: 

 

Table 2.1. Cell culture medium 

 

Medium Contents 

RPMI complete 

 

500 mL Roswell Park Memorial Institute 1640 

Medium (Corning, Biosera) 

50 mL Heat-inactivated FCS (Invitrogen) 

5 mL L-glutamine 200mM (Invitrogen)  

5 mL MEM Non-essential Amino Acid Solution 

(100X) (Gibco) 

DMEM complete 

 

500 mL Dulbecco’s Modified Eagle’s Medium-high 

glucose (Corning, Biosera) 

50 mL Heat-inactivated FCS (Invitrogen) 

5 mL L-glutamine 200mM (Invitrogen)  

5 mL MEM Non-essential Amino Acid Solution 

(100X) (Gibco) 

Serum-free RPMI 

 

500 mL Roswell Park Memorial Institute 1640 

Medium (Corning, Biosera) 

5 mL L-glutamine 200mM (Invitrogen)  

5 mL MEM Non-essential Amino Acid Solution 

(100X) (Gibco) 

Serum-free DMEM 500 mL Dulbecco’s Modified Eagle’s Medium-high 

glucose (Corning, Biosera) 

5 mL L-glutamine 200mM (Invitrogen)  

5 mL MEM Non-essential Amino Acid Solution 

(100X) (Gibco) 
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A list of cell lines used is detailed below: 

 

Table 2.2. Cell lines 

 

Cell line* Growth 

properties 

Growth 

medium 

Source 

THP-1 Suspension RPMI 

complete 

Homo sapiens monocyte cell line from peripheral blood of a one year old male infant suffering acute 

monocytic leukaemia 

Jurkat Suspension RPMI 

complete 

Homo sapiens lymphoblast cell line from peripheral blood of a male donor suffering acute T cell 

leukaemia 

MCF-7 Adherent DMEM 

complete 

Homo sapiens breast epithelial cell line from a female donor suffering non-invasive oestrogen 

receptor (ER)-positive and progesterone receptor (PR)-positive breast ductal carcinoma 

MDA-MB-

231 

Adherent DMEM 

complete 

Homo sapiens breast epithelial cell line from female adenocarcionma patient suffering invasive triple-

negative breast cancer 

*All cell lines are supplied by American Type Culture Collection (ATCC). 
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2.1.2 Routine tissue culture procedures 

All cell lines were cultured in 75 cm2 flasks (Corning) in a humidified incubator at 

37°C with 5% CO2. Cells were split at 80-95% confluency and maintained in the 

relevant culture medium stated in Table 2.2.  

 

For MCF-7, cells were washed with PBS (1.5mM potassium phosphate 

monobasic, 3mM potassium phosphate dibasic, 150 mM NaCl; pH 7.2), then 

detached by adding PBS supplemented with 5 mM EDTA and left for 5 – 10 

minutes at 37°C with 5% CO2. Flask was then gently agitated and cell solution 

was transferred to a centrifuge tube. Cells were centrifuged at 1200 rpm for 5 

minutes and cell pellet was resuspended in a relevant complete culture medium. 

Cells were either passaged by 80-90% reduction of cell density or used for 

experimentation.  

 

For MDA-MB-231 cells, cells were gently rinsed with PBS before 2 mL 

Trypsin/0.05% EDTA (Gibo) was added and left for 5 minutes at 37°C with 5% 

CO2. Cells were harvested or passaged as described above. 

 

For suspension cells, cells were passaged or used for experimentation by directly 

removing appropriate volume of cell solution based on cell density and replacing 

with relevant fresh complete culture medium.  

 

2.1.3 Cyopreservation of cells 

To freeze cells, cells were harvested as described above and centrifuged at 1200 

rpm for 5 minutes. The supernatant was discarded, and the remaining cell pellet 

was resuspended in 1 mL freezing medium (sterile FCS + filtered 10% v/v 

DMSO). Cells in freezing medium were then transferred into cryotubes and chilled 

to -80°C for at least 24 hours before long-term storage in liquid nitrogen at -196°C. 

 

To thaw cells, a cryotube was rapidly warmed in water bath at 37°C. Once 

contents were liquified, for suspension cells, cell solution was transferred into 

relevant complete culture medium. For adherent cells, cell solution was 

transferred into 5 mL relevant serum-free culture medium and centrifuged at 1200 

rpm for 5 minutes. The cell pellet was resuspended in 10 mL relevant complete 

culture medium. 
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2.2 Small molecule inhibitors 

A list of small molecule inhibitors used is detailed below: 

 

Table 2.3. Small molecule inhibitors  

 

Inhibitor Target Supplier Stock 

concentration/ 

vehicle 

Working 

concentration† 

IC50 Reference 

CID755673 Protein kinase 

D  

(PrKD) 

Tocris 1 mM in DMSO 2.5 µM‡, 10 µM‡ 
 

PrKD1 – 0.182 µM 

PrKD2 – 0.280 µM 

PrKD3 – 0.227 µM 

PKC - >10 µM 

(Sharlow et al., 

2008) 

CID2011756 Protein kinase 

D  

(PrKD) 

Tocris 1 mM in DMSO 2.5 µM‡, 10 µM‡ PrKD1 – 3.2 µM 

PrKD2 – 0.6 µM 

PrKD3 – 0.7 µM 

IC50 values are 

provided by the 

supplier (Tocris) 

Dynasore Dynamin Abcam 10 mM in DMSO 80 µM Dynamin 1 (Dyn1) - 15 

µM 

Dynamin 2 (Dyn2) - 15 

µM 

(Macia et al., 2006) 
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Inhibitor Target Supplier Stock 

concentration/ 

vehicle 

Working 

concentration† 

IC50 Reference 

 Dyngo-4a Dynamin Abcam 10 mM in DMSO 80 µM Dyn1 – 400 nM 

Dyn2 – 200 nM 

Clathrin-mediated 

endocytosis  

– 5.5 µM 

(McCluskey et al., 

2013) 

Filipin  Caveolae Tocris 10 mg/ml in EtOH 5 µg/ml Cholera toxin  

– 0.5 µM 

(Orlandi and 

Fishman, 1998) 

Nystatin Caveolae Tocris 10 mg/ml in EtOH 50 µg/ml N.A. N.A. 

Pitstop 2 Clathrin Abcam 30 mM in DMSO 30 µM Amphiphysin association 

of clathrin terminal 

domain – 12 µM 

(von Kleist et al., 

2011) 

Pitstop 2  

negative 

control 

Clathrin Abcam 30 mM in DMSO 30 µM Amphiphysin association 

of clathrin terminal 

domain – >100 µM 

(von Kleist et al., 

2011) 
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Inhibitor Target Supplier Stock concentration/ 

vehicle 

Working 

concentration† 

IC50 Reference 

Cycloheximide Inhibition of 

protein 

synthesis 

Tocris 1 mg/ml in DMSO 10 µg/ml Protein synthesis  

– 532.5 nM 

RNA synthesis  

– 2.88 µM 

Anti-cancer 

activity  

– 0.12 - 1 µM 

(Shi et al., 1999) 

Y27632 ROCK Tocris 2 mM in DMSO 20 µM ROCK1  

– 0.14 - 0.22 µM* 

ROCK2 – 0.3 µM* 

PKA – 25 µM* 

PKC – 26 µM* 

MLCK – >250 

µM* 

(Narumiya et al., 

2000) 

CK666 Arp2/3 Tocris 1 mM in DMSO 10 µM Arp2/3 – 4 µM (Nolen et al., 2009) 

† All working concentrations have been tested for cytotoxicity using MTS assay (see Appendices 1-12). 

‡ Depending on cell lines, MCF-7 and MDA-MB-231 cells: 2.5 µM; THP-1 and Jurkat cells: 10 µM 

* The values are expressed as inhibitory constant (Ki) 
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2.3 Chemokine ligands 

A list of chemokine ligands used is detailed below: 

 

Table 2.4. Chemokine ligands used for experiments: CF- calcium flux, CTX- 

chemotaxis assay, IF- immunofluorescence, FC- flow cytometry. All chemokine 

ligands were dissolved in purified water. 

 

Chemokine Supplier Working concentration 

CXCL8 (IL-8) A gift from Katja Schmitz 

(University of 

Darmstadt) 

50 nM IF 

10 nM time lapse 

CXCL9 (MIG) PeproTech 50 nM IF 

CXCL10 (IP-10) PeproTech 50 nM IF 

CXCL11 (I-TAC) PeproTech 50 nM IF 

10 nM time lapse 

CXCL12 (SDF-1𝛼) PeproTech 20 nM CF 

1 nM CTX 

50 nM IF 

50 nM FC 

10 nM time lapse 

CCL3 (MIP-1, isoform 

2-70 D26A) 

A gift from L. Czaplewski 

(British Biotech) 

200 nM CF 

1 nM CTX 

100 nM IF 

100 nM FC 

CCL4 (MIP-1) PeproTech 50 nM IF 

CCL5 (RANTES) PeproTech 50 nM IF 

CCL23 (MIP-3) PeproTech 50 nM IF 
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2.4 Antibodies 

A list of chemokine ligands used is detailed below: 

 
Table 2.5. Primary antibodies used for experiments: IF- immunofluorescence, 

FC- flow cytometry.  

 

Primary antibody Supplier Assay use Dilution factor  

Caveolin-1 rabbit 

polyclonal: sc-894 

Santa Cruz 

Biotechnology 

IF, FC 1:500 (IF) 

1:200 (FC) 

CCR5 

(HEK/1/85a/7a) cell 

growth supernatant 

rat monoclonal 

A gift from J.A. 

McKeating (Oxford) 

IF, FC 1 to 100 (IF, 

FC) 

CXCR3 mouse 

monoclonal: sc-

133087 

Santa Cruz 

Biotechnology 

IF, FC 1:200 (IF) 

1:100 (FC) 

CXCR4 (4G10) 

mouse monoclonal: 

sc-53534  

Santa Cruz 

Biotechnology 

IF, FC 1:500 (IF) 

1:200 (FC) 

ACKR3 mouse 

monoclonal 

R&D Systems IF, FC 1:50 (FC) 

Dynamin-2 mouse 

monoclonal: ab65556 

Abcam IF 1:500 (IF) 

IL-8RA mouse 

monoclonal: sc-7303 

Santa Cruz 

Biotechnology 

IF, FC 1:50 (IF, FC) 

IL-8RB mouse 

monoclonal: sc-7304 

Santa Cruz 

Biotechnology 

IF, FC 1:50 (IF, FC) 
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Table 2.6. Secondary antibodies used for experiments: IF- 

immunofluorescence, FC- flow cytometry 

 

Secondary antibody Supplier Assay use Dilution factor  

Goat anti-mouse 

Alexa 488: ab150113 

Abcam IF, FC 1: 500 (IF) 

1:200 (FC) 

Goat anti-rat Alexa 

555 

Invitrogen FC 1: 200 (FC) 

Anti-rabbit fluorescein 

isothiocyanate (FITC) 

Santa Cruz 

Biotechnology 

IF, FC 1: 500 (IF) 

1: 200 (FC) 

Goat anti-rat Alexa 

488: ab150157 

Abcam IF, FC 1: 500 (IF) 

1: 200 (FC) 

Goat anti-rat Alexa 

555 

Invitrogen FC 1: 200 (FC) 

 

2.5 Intracellular protein stains 

 

Table 2.7. Intracellular stains 

 

Intracellular stain Supplier 
Dilution factor/ 

working concentration 

4′,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI) 
Sigma Aldrich 1: 5000 

LysoTracker Deep Red Invitrogen 50nM 

Alexa FluorTM 488 Phalloidin Invitrogen 1: 100 

 

2.6 Plasmid DNA 

Plasmid DNA for protein kinase D 2 (PrkD2) was purified from the MISSION 

puromycin-resistant lentiviral plasmid (pLKO.1-puro) vector (Sigma Aldrich). It 

contains a verified mammalian PrkD2 shRNA insert with a CMV-Turbo GFP 

promoter as an indicator of successful transfection in mammalian cells. The non-

target shRNA vector was inserted with an short hairpin RNA (shRNA) that does 

not target any known genes from any species as a mock transfection control. 
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Figure 2.1. MISSION PrkD2 shRNA pLKO.1-puro lentiviral plasmid 

vector containing a verified mammalian PrkD2 shRNA sequence 

insert. Turbo GFP is additionally inserted as a CMV promoter within the 

vector. The sequence of the PrKD2 shRNA is 

CCGGCACGACCAACAGATACTATAACTCGAGTTATAGTATCTGTTGGT

CGTGTTTTT (Sigma Aldrich). The abbreviations in the figure are listed with 

descriptions in the table. (Image created with BioRender.com based on the 

specification information provided by Sigma Aldrich). 
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Figure 2.2. MISSION Non-target pLKO.1-puro lentiviral plasmid vector 

containing a non-target shRNA sequence insert. The plasmid contains 

an shRNA insert that does not target any known genes from any species. 

The sequence of the non- target shRNA is 

CCGGGCGCGATAGCGCTAATAATTTCTCGAGAAATTATTAGCGCTAT

CGCGCTTTTT (Sigma Aldrich). (Image created with BioRender.com based 

on the specification information provided by Sigma Aldrich) 

 

Plasmid DNA for the pEGFP arrestin 2 (Arr2) and arrestin 3 (Arr3) was produced 

from a HindIII/Apal-digested pEGFP-N1 plasmid vector (Clontech) ligated with a 

mammalian Arr2/Arr3 ORF insert as validated by E.Kelly (Bristol) (Matharu et al., 

2001). Arrestin 2 mutant, characterised as the valine (Val) to aspartic acid (Asp) 

mutant of arrestin 2 (Arrestin 2-V53D) (Ferguson et al., 1996), was also cloned in 

a pEGFP-N1 plasmid vector. To ensure the transfection procedure was done 

properly, pEGFP.C2 plasmid (Clontech) was used as mock transfection control. 
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Figure 2.3. Mammalian HindIII/Apal digested pEGFP-N1 plasmid vector 

containing PCR-amplified arrestin 2 (Clontech) (Image created with 

BioRender.com based on the specification information provided by 

Clontech). 

 

2.7.1 Plasmid transformation into bacterial culture 

To prepare LB agar plate, 40 g LB agar powder (Fisher Scientific) was added into 

1 L sterile Millipore filtered distilled water and autoclaved at 121°C. The LB agar 

solution was then cooled down to 55°C. 50 ng/mL ampicillin was added onto the 

LB agar solution and the solution was immediately poured into 10 mL Petri plates 

to avoid being solidified. The plates were left at room temperature for 30 minutes 

to allow solidify and dry, wrapped with parafilm and stored at 4°C upside down 

for later use. 

 

Chemically competent E. coli DH5af1 (Invitrogen) were transformed with the 

required plasmid DNA. 50 µL E. coli DH5af1 was thawed on ice for 20 – 30 

minutes, in the meantime, prepared agar plates were warmed to 37°C. 10 µL 

plasmid DNA was tipped to the E. coli and gently mixed. The mixture was then 
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incubated on ice for 20 – 30 minutes, followed by incubating in a pre-set 42°C 

water bath for 30 – 60 seconds to allow transformation to occur through heat 

shocking. The mixture was returned to ice for 2 minutes before being plated onto 

a pre-warmed LB agar plate containing ampicillin. The plate was incubated 

upside down at 37°C overnight. To prepare liquid LB broth for inoculating the 

transformed bacterial strain, 20 g LB broth powder (Fisher Scientific) was 

dissolved in 1 L sterile Millipore filtered distilled water and autoclaved at 121°C. 

The liquid LB was cooled down to room temperature and 50 ng/mL ampicillin was 

added to liquid LB and stored at 4°C for later use. After overnight incubation, 

viable colonies were selected using a sterile pipette tip and tipped into the 

prepared LB broth containing antibiotic and gently swirled. The bacterial broth 

was incubated at 37°C overnight with sterile aluminium foil loosely covered in a 

shaking incubator. The cultured bacterial broth was frozen in 50% glycerol stock 

at -80°C for future use or used for plasmid amplification. 

 

2.7.2 Amplification of plasmid DNA from bacterial broth 

The plasmid DNA was purified from bacterial broth following QIAGEN® Plasmid 

Midi kit (Qiagen) protocol. The transformed DH5Af1 strain was grown overnight 

as described above and the bacterial broth was centrifuged at 3500 rpm for 5 

minutes. The supernatant was removed and 4 mL P1 resuspension buffer 

containing RNAase was added to resuspend the cell pellet. 4 mL P2 lysis buffer 

was then added to the suspension, gently agitated, and left at room temperature 

for no longer than 3 minutes. 4 mL P3 neutralising buffer was added to the 

suspension to precipitate protein and vigorously agitated to mix. The mixed 

suspension was centrifuged at 4000 rpm for 15 minutes at 5-8°C. The 

supernatant was filtered through an activated Qiagen column. When the 

supernatant was emptied, the column was flushed with 10 mL QC wash buffer. 5 

mL QF eluting buffer was then added to the column to elute the purified plasmid 

DNA. 3.5 mL isopropanol was added to the eluent and centrifuged at 4000 rpm 

at 4°C for 1 hour to precipitate DNA. The supernatant was removed, and the pellet 

was washed in 70% ethanol and left to dry. 500 µL Millipore filtered water was 

added to dissolve the pellet and purified plasmid DNA concentration was 

determined by Nanodrop spectrometer system (ThermoFisher Scientific). 
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2.7.3 Chemical transfection of plasmid DNA 

MCF-7 cells were seeded in 6-well/24-well plate at 1 x 105 cells/mL in 3 mL/500 

L of appropriate DMEM complete and incubated overnight at 37°C, 5% CO2 until 

the optimal confluency of 70 – 90% was reached. In the preparation of plasmid 

DNA and transfection reagent, plasmid DNA was diluted in serum-free DMEM to 

the working concentration of 2 µg /100 µL. 5 µL TurboFect was then mixed with 

the diluted plasmid DNA. The mixture was left for 20 minutes at room temperature 

to allow ionic interaction of DNA and prevent from DNA degradation. In the 6-

well/24-well plate, cell solution was removed and replaced with 1 mL/250 µL 

serum-free DMEM. The plasmid DNA/TurboFect mixture was added into each 

well containing cells and incubated for 20 minutes at 37°C, 5% CO2. 1 mL/750 µL 

DMEM complete was then added into each well and left to incubate at 37°C, 5% 

CO2. Transfected cells were experimented on the following day. 

 

For cells transfected with puromycin-resistant plasmid DNA, cells were detached 

with PBS/EDTA and gently scraped. Cell suspension was seeded to a 96-well 

plate containing DMEM complete and incubated for another 24 hours at 37°C, 

5% CO2 to allow cell attachment. Medium was replaced by DMEM complete 

containing puromycin (1 µg / mL) to select successfully transfected cells. The 

optimal concentration of puromycin for cell selection was determined by MTS 

assay at 48-time point using a concentration range from 1 – 10 µg/mL. Cells were 

incubated at 37°C, 5% CO2 until a puromycin-resistant clone has developed. 

Medium was renewed if necessary. 

 

2.7.4 Electroporation transfection of plasmid DNA 

Jurkat cells were harvested to obtain 3 x 106 cells per tube and centrifuged. Cells 

were resuspended in 250 µL HEPES buffered electroporation solution (HEPES 

20 mM, NaCl 137 mM, KCl 5mM, Dextrose 6 mM, Na2HPO4 0.7 mM, pH 7.5). 5 

µL t-RNA (Sigma Aldrich) and 2 µg plasmid DNA together with cells suspended 

in electroporation solution was added to 0.2 cm transfection cuvette (Sigma 

Aldrich). Cells were electroporated using AMAXA Nucleofector 2b (Lonza) at a 

relevant setting (Jurkat cells: X-005). 500 µL serum-free RPMI was topped up in 

the cuvette and electroporated cells were incubated at room temperature for 10 

minutes. All contents in the cuvette were transferred to a T-25 flask (Corning) 
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containing RPMI complete. Cells were incubated at 37°C, 5% CO2 for 48 hours 

before assessment of transfection and experimentation. 

 

2.8 Calcium (Ca2+) flux 

Cells were harvested as described above. All cells were re-suspended in calcium 

flux buffer (137mM NaCl, 5mM KCl, 2mM MgCl2, 1.5mM CaCl2, 1.5mM CaCl2, 

10mM HEPES pH 7.4, 25mM D-glucose). Cells were centrifuged and washed 

twice in calcium flux buffer, then resupended in 1 mL of calcium flux buffer. Each 

cell sample was treated with inhibitor at working concentration and loaded with 2 

M of Fura-2 AM (Invitrogen). All cell samples were incubated at 37C in a 

humidified atmosphere and 5% CO2 for 30 minutes. 

 

Following incubation, cells were then centrifuged and washed with 1mL of Ca2+ 

flux buffer twice. 100 L of cell sample was loaded to each well of a black, opaque 

reader microplate (Thermo Fisher Scientific, UK). Calcium mobilisation was 

monitored for 80 seconds with injection of chemokines at working concentrations 

at 20 seconds into each well using BMG Labtech Fluorostar Optima plate reader 

(BMG Labtech, Germany). Fluorescence was sequentially measured at 37C 

stimulated by 340nm and 380nm light and detected at a fixed emission 

wavelength of 510 nm. Data were analysed and represented as the ratio of the 

fluorescence reading at 340 nm/380 nm in BMG Optima Software. The change 

in fluorescence was calculated from the difference in 340 nm/380 nm ratio 

between pre-stimulation value and peak value in post-stimulation. 

2.9 Migration assays 

2.9.1 ChemoTX chemotaxis assay 

ChemoTX 5 m pore plates (Neuroprobe Inc, USA) were used in chemotaxis 

assays for suspension cells. Before experimentation, plate wells to be used were 

blocked with 30 L blocking buffer (1% BSA in serum-free simple medium) at 

room temperature for at least 30 minutes. 

 

Relevant chemokine ligands were diluted to 1 nM in working buffer (0.1% BSA in 

serum-free RPMI). Suspension cells were harvested and resuspended in serum-

free RPMI. Cells were centrifuged and medium was replaced by working buffer 

to give an appropriate cell density (Jurkat: 25 x 104 cells per well; THP-1: 50 x 
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104 cells per well). Inhibitor treatments were added to prepared cell suspension, 

followed by 30 minutes incubation at 37C, 5% CO2. All conditions were done in 

duplicate.  

 

In the plate, the blocking buffer was removed and replaced with 31 L of diluted 

chemokine solution (working buffer for unstimulated controls). The plate top 

membrane was attached and 20 L of cell suspension was added on top of the 

membrane within the corresponding well outlier. The plate was covered and 

incubated in a humidified chamber for 4 hours before analysis. Cells from each 

bottom well were counted using a haemocytometer. 

 

 

Figure 2.4 ChemoTX 5 m pore plate (Neuroprobe Inc, USA). The plate 

consists of a 96-well plate where diluted chemokine ligands/vehicle controls 

were added, a membrane cover where cell suspension were added to allow 

cells to migrate towards the bottom chemokine-containing wells and a cover 

(Image source: https://www.neuroprobe.com/product/chemo_tx/). 

 

2.9.2 ORISTM Cell migration assay 

The ORISTM plate (Platypus Technologies) was left at room temperature for 1 

hour to equilibrate the plate temperature before experimentation. MDA-MB-231 

cells at 95% confluency were harvested and resuspended in DMEM complete at 

2.5 x 104 cells per well. 100 L of cell suspension was seeded into the outer 

region of each well surrounding the stopper (Figure 2.5) inside a 96-well ORISTM 

plate (Platypus Technologies) and incubated for 24 hours at 37C, 5% CO2. 

 

https://www.neuroprobe.com/product/chemo_tx/
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Following 24-hour incubation, the stopper was removed from each well, in which 

a central cell-free detection zone was created. The diluted chemokine ligands 

were added, followed by another 24-hour incubation. Complete medium was 

removed and cells were washed and resuspended in PBS with addition of 0.5 

g/mL of calcein AM (Cayman Chemical Company). Cells were then incubated 

for 45 minutes at 37C, 5% CO2. Cells were washed and resuspended in PBS. 

Cells at the detection zone were imaged to determine cell migration occurring in 

post-stimulation of chemokines. 

 

 

Figure 2.5 Illustration of the steps from cell seeding, creating a cell-

free detection zone to cell imaging for the detection of cell migration 

in a 96-well ORISTM plate (Image source: https://www.amsbio.com/oris-

cell-migration-assays/). 

 

2.10 Imaging techniques 

2.10.1 Intracellular protein staining 

Adherent cells at 95% confluency were harvested and sparsely seeded into a 12-

well plate with glass cover slips pre-washed with 70% alcohol and PBS. Cells 

were incubated in complete medium for 24 hours at 37C, 5% CO2 to allow cell 

attachment.  

 

For phalloidin F-actin staining, cells were treated with relevant inhibitors at 

working concentrations for 30 minutes, followed by stimulation of chemokine 

ligands at working concentrations for another 30 minutes at 37C, 5% CO2. Cells 

were gently washed in PBS twice and fixed with 4% formaldehyde solution at 

room temperature for 10 minutes. Cells were then gently washed in PBS twice 

https://www.amsbio.com/oris-cell-migration-assays/
https://www.amsbio.com/oris-cell-migration-assays/


 119 

and permeabilised with 0.1% Triton X-100 (FisherBioTech) solution at room 

temperature for 5 minutes. Cells were washed in PBS twice and Alexa FluorTM 

488 Phalloidin (Invitrogen) was added to cells in PBS at 1: 100 dilution. The plate 

was incubated in dark at 4C for 30 minutes. After incubation, cells were gently 

washed twice with PBS and the glass cover slips containing stained cells were 

mounted with DPX mountant (ThermoFisher Scientific) for imaging. Images were 

acquired using an inverted Leica DMII fluorescence microscope with a relevant 

filter setting compatible with the fluorophore used. 

 

For caveolin-1/ dynamin-2 staining, cells were fixed and permeabilised as above 

after inhibitor/chemokine treatments. Cells were then incubated in desired 

primary antibodies at working dilutions at 4°C for 1 hour. Cells were washed twice 

with cold PBS, followed by incubation in secondary antibody at working dilutions 

at 4°C in dark for 1 hour. Cells were then washed twice with cold PBS.  For 

background control, cells were incubated with secondary antibody matched to the 

host species and class of the primary antibody. Cells were mounted and imaged 

as above.  

 

For staining of lysosomes and other acidic organelles, LysoTracker, which is a 

weakly basic fluorophore freely permeant to cell membranes, was used. No cell 

fixation and permeabilisation was required. Adherent cells were treated with 

inhibitors and chemokines in a 12-well plate as above, followed by adding 

LysoTracker (50nM) in serum-free medium. Cells were incubated at 37C, 5% 

CO2 for 30 minutes. The medium was replaced with fresh serum-free simple 

medium for imagining analysis. It should be noted that this process is performed 

in live cells. Samples are analysed immediately after staining to minimise 

lysosome alkalinisation caused by LysoTracker. 

 

2.10.2 Cell surface receptor staining 

For adherent cells, cells at 95% confluency were harvested and seeded into a 

12-well plate with glass cover slips pre-washed with 70% alcohol and PBS. Cells 

were sparsely seeded into each well containing appropriate complete medium 

and incubated overnight at 37°C, 5% CO2 to allow cell attachment. At 95% 

confluence, cells were gently washed with cold PBS twice. Cells were incubated 

in desired primary antibodies at working dilutions at 4°C for 1 hour. Cells were 
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washed twice with cold PBS, followed by incubation in secondary antibody, 

matched to the host species and class of the primary antibody, at working 

dilutions at 4°C in dark for 1 hour. Cells were then washed twice with cold PBS. 

For background control, cells were incubated with secondary antibody matched 

to the host species and class of the primary antibody. Cells were fixed with 4% 

formaldehyde solution at room temperature for 10 minutes. DAPI was added for 

cell nuclei staining at 4°C in dark for 5-10 minutes. The glass cover slips 

containing stained cells were mounted with DPX mountant (ThermoFisher 

Scientific) for imaging. Images were acquired using an inverted Leica DMII 

fluorescence microscope with a relevant filter setting compatible with the 

fluorophore used. 

 

For suspension cells, cells were harvested and resuspended at 1 x 106 cells/mL 

in cold PBS in 1.5 mL tubes. In-between inhibitor/chemokine treatments and PBS 

washes, cells were centrifuged, and the cell pellet was resuspended in cold PBS. 

The procedure was followed as adherent cells. Cell mounting was achieved by 

pipetting 20 µL of cell suspension in PBS to a drop of DPX mountant on a glass 

slide and carefully covering with a glass cover slip. The prepared glass slides 

were dried at 4°C in dark overnight. Images were acquired using an inverted 

Leica DMII fluorescence microscope with a relevant filter setting compatible with 

the fluorophore used. 

 

2.10.3 Image acquisition 

Cells were imaged using inverted Leica wide-field fluorescence microscope fitted 

with 10, 40 or 63X objectives combining with a 0.5X lens, a colour CCD camera 

and an array of fluorescence filter cubes. Images were captured and edited using 

the Leica Imaging Suite Software. All micrographs of cells in this thesis were 

taken in 5X, 20X or 31.5X magnification. All immunofluorescence images were 

validated by samples in the absence of primary antibody to test for non-specific 

binding of secondary antibody.  

 

2.10.4 Analysis of cell area and cell circularity 

The average area and circularity of a single cell was quantified using Image J 

software. The outlier of each single cell was manually drawn based on phalloidin-

stained F-actin and selected as a region of interest (ROI). Cell area and circularity 
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of the ROI were calculated by Image J software, where the formula for circularity 

is 4(area/perimeter2). A value of 1.0 in circularity indicates a perfect circle. 

Identical microscopic settings (image size, 2592 x 1944 pixel and 414.72 x 311.04 

m) were applied. At least 10 cells were analysed per experiment. Data was 

expressed as the mean from at least 3 independent F-actin staining experiments.  

 

2.11 Internalisation assay and flow cytometry analysis 

Cells were harvested and resuspended in serum-free medium at a density of 5 x 

106 cells/mL in 1.5 mL tubes. Inhibitors at working concentrations were added to 

cell suspension and incubated at 37°C, 5% CO2 for 30 minutes. For blocking of 

clathrin-dependent endocytic pathway using Pitstop 2, cells were incubated with 

Pitstop 2 for 5 minutes at 37°C, 5% CO2 instead to avoid non-specific effects of 

the inhibitor according to the supplier’s manual (Abcam). Cells were then washed 

with PBS and resuspended in serum-free simple medium followed by stimulation 

with chemokines at working concentrations at 37°C, 5% CO2 for another 30 

minutes. Cells were washed with cold 0.5% BSA/PBS twice. Cells were incubated 

in desired primary antibodies at working dilutions at 4°C for 1 hour. Cells were 

washed twice with cold 0.5% BSA/PBS, followed by incubation in secondary 

antibody, matched to the host species and class of the primary antibody, at 

working dilutions at 4°C in dark for 1 hour. Cells were then washed twice with 

cold 0.5% BSA/PBS and resuspended in cold 0.5% BSA/PBS for analysis. For 

background control, cells were incubated with secondary antibody matched to the 

host species and class of the primary antibody. Cells were fixed with 4% 

formaldehyde solution at room temperature for 10 minutes before staining with 

secondary antibody if flow cytometry analysis was not done on the same day.  

 

For suspension cells, cells were harvested and re-suspended at 1 x 106 cells/mL 

in cold PBS in 1.5 mL tubes. The procedure above was followed. Mean 

fluorescence intensity from cell samples were acquired and cells were gated to 

exclude dead cells and debris using CytoFLEX Flow Cytometer (Beckman 

Couter). 20,000 events from each sample were recorded at 10-20 µL/min flow. 

Data was analysed using CytExpert version 2.4 (Beckman Coulter). 
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2.12 Cell viability tests 

2.12.1 CellTitre 96 Aqueous One Solution Cell Proliferation Assay 

CellTitre 96® Aqueous Non-Radioactive Cell Proliferation Assay (Promega) was 

followed to perform cytotoxicity assays using 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). Suspension 

cells were harvested and resuspended in complete medium at 5 x 105 cells/mL. 

Adherent cells were resuspended at 1 x 105 cells/mL. 100 L of cell suspension 

was seeded into each well of a transparent 96-well plate and 1 L inhibitor at 

testing concentrations was added. Each inhibitor concentration was performed in 

duplicate. The plate was incubated for 72 hours at 37°C, 5% CO2. After 72 hours, 

10 L MTS was added to each well and incubated in dark at 37°C, 5% CO2 for 1 

hour. The plate was then read at 490 nm in FLUOstar® OPTIMA fluorometer 

(BMG Labtech). The assay is colourmetric based on the principle of cellular 

metabolism. The MTS compound is bioreduced by NAD(P)H dehydrogenase in 

viable cells into a coloured formazan product, which is quantified by measuring 

absorbance at 490 nm. The absorbance readings are directly proportional to cell 

viability (Berridge and Tan, 1993). 

 

2.12.2 Trypan blue staining 

Cells were harvested and seeded into a 48-well plate. Cell was incubated in 

relevant complete medium with inhibitors at testing concentrations at 37°C with 

5% CO2 for 72 hours. After 72 hours incubation, cells were washed with PBS and 

replaced with serum-free simple medium. Trypan blue 0.4% filtered solution 

(Gibco) was added to each well in 1:1 dilution and incubated for 2-3 minutes at 

room temperature. The solution was removed and replaced by PBS. Cells were 

imaged using bright field microscopy. Cells stained in blue indicate dead cells. 

  



 123 

Chapter 3: Characterisation of chemokine-

induced responses in different cancer cell 

lines  

 

3.1 Introduction 

Chemokine signalling has been of interest for decades in GPCR research for 

cancer, autoimmune and infectious diseases. In general, various aspects in 

chemokine signalling have been covered by previous literature, including 

structural features of receptor/ligand, receptor/ligand interactions and 

conformation, receptor internalisation and recycling, G protein-dependent 

signalling, G protein-independent signalling. In the past decade, more efforts 

have been made to understand the complexity underlying chemokine signalling 

in depth, such as biased signalling, redundancy system of chemokine, chemokine 

dimerisation, chemokine receptor dimerisation, homologous and heterologous 

receptor desensitisation and signalling modulating roles of atypical receptors 

(Drouillard et al., 2023). Yet, with an increasing number of studies investigating 

on these aspects together, some conflicting evidence has arisen from different 

literature. For example, a study working on breast cancer cells reported that -

arrestin 1 is a negative regulator of cancer metastasis (Son et al., 2019), on the 

other hand, another study found that CXCL12/ACKR3/β-arrestin 1 biased 

signalling promotes metastasis in colorectal cancer (Si et al., 2022). Another 

example of contrary findings is related to receptor internalisation pathway. One 

study demonstrated that CCR5 internalisation is mainly through clathrin-

dependent pathway (Signoret et al., 2005), while another study argued that CCR5 

internalise predominately through caveolae-dependent pathway instead 

(Venkatesan et al., 2003). This can be explained by two main reasons: a variety 

of cellular systems and different experimental approaches used between studies. 

Thus, it is not unusual to expect of some of the findings to contradict one another. 

In addition, accumulating studies have reported that chemokine signalling is 

context-dependent that involves various factors in combination to influence 

cellular functions and responses (Heuninck et al., 2019). Therefore, we set out to 

characterise the chemokine receptor expression profile across different cancer 
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cell lines commonly used in cancer research. By determining which chemokine 

receptors are abundantly expressed in individual cancer cell line, we then 

investigated how cells respond to the cognate chemokine ligands in different 

aspects, including intracellular calcium mobilisation, actin cytoskeletal 

rearrangement, chemotaxis and receptor internalisation. 

 

3.2 Chapter aims 

Hypothesis: We hypothesised that different cancer cell types express different 

levels of chemokine receptors and respond differently through context-dependent 

chemokine signalling. 

 

Aims: The aim of this chapter is to characterise endogenous quantities and 

localisation of chemokine receptor and intracellular responses in different cancer 

cell lines elicited by cognate chemokine ligands. There is emerging evidence 

demonstrating that the complexity of biased signalling in the field of GPCR 

potentially contributes to a variety of responses in different cell lines (Mills et al., 

2018). 

 

3.3 Results 

3.3.1. Localisation and quantification of endogenously expressed 

chemokine receptor in cancer cells 

 

Using immunofluorescence staining for microscopic visualisation and quantitative 

flow cytometry analysis, we examined the cell surface expression levels of 

chemokine receptors, CXCR1, CXCR2, CXCR3, CXCR4, ACKR3 and CCR5, on 

different cancer cell lines, MCF-7, MDA-MB-231, Jurkat and THP-1. 

 

CXCR1 (also known as IL-8RA) is a highly selective receptor with high binding 

affinity to CXCL8 but low affinities to other chemokine ligands, including CXCL6 

and CXCL7 (Lee et al., 1992). On the other hand, CXCR2 (also known as IL-

8RB) is more promiscuous and can be activated by multiple ELR+ CXC 

chemokines, including CXCL1-3 and CXCL8 (Addison et al., 2000). Yet, CXCL8 

is the most potent ligand for CXCR2 (Addison et al., 2000). CXCL8 is known to 

be an autocrine growth factor discovered in a variety of cancer types, such as 
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pancreatic (Miyamoto et al., 1998), melanoma (Schadendorf et al., 1993) and 

colon cancer (Brew et al., 2000). Hence, CXCL8/CXCR1 and CXCL8/CXCR2 

signalling has been of interest in the study of cancer development and 

metastasis. 

 

CXCR3 is primarily expressed in CD4+ and CD8+ T-cells and associated with 

three cognate chemokine ligands: CXCL9, CXCL10 and CXCL11 (Korniejewska 

et al., 2011). To date, there are three isoforms of CXCR3 identified: CXCR3-A, 

which binds CXCL9, CXCL10 and CXCL11, CXCR3-B, which binds CXCL4, 

CXCL9, CXCL10 and CXCL11, and CXCR3-alt, which binds CXCL11 only 

(Korniejewska et al., 2011). The major three chemokine ligands, CXCL9, 

CXCL10 and CXCL11, have their distinct roles in regulating cancer immunity. 

Among these three ligands, CXCL11 was found to be the most potent CXCR3 

agonist, involved in receptor internalisation, chemotaxis and intracellular Ca2+ 

release (Cole et al., 1998). CXCL10 and CXCL11 was shown to promote the 

polarisation of Th1 cells via activation of different pathways (Zohar et al., 2014; 

Karin et al., 2016). This implies that CXCL10 and CXCL11 favour active tolerance 

over effector reactivity by predominantly regulating CD4+ T-cells, as a result of 

restraint of autoimmunity (Zohar et al., 2014; Karin et al., 2016). On the other 

hand, CXCL9 is involved in effector reactivity by interacting with CD8+ T-cells. 

CXCL9, usually produced by dendritic cells, interacts with CXCR3 expressed on 

CD8+ T-cells that enhances the efficacy of anti PD-1 immune checkpoint therapy 

(Chow et al., 2019). 

 

CXCR4 is the most studied chemokine receptor in the study of cancer. CXCL12 

is an exclusive chemokine ligand for CXCR4 (Oberlin et al., 1996). An atypical 

receptor, ACKR3, is recently found to be activated through the shared ligand 

CXCL12 with CXCR4, playing a synergistic role in CXCL12/CXCR4 signalling 

(Santagata et al., 2021). ACKR3 was found to function to control the CXCL12 

gradients for chemotaxis towards target site by sequestration of CXCL12 from 

non-target site (Graham et al., 2012). Also, ACKR3 forms heterodimer with 

CXCR4 to activate downstream signalling through β-arrestin, inducing cell 

migration (Hattermann and Mentlein, 2013). Relating to cancer, CXCR4 has been 

shown to be overexpressed in more than 23 different types of cancer (Balkwill, 
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2004). The CXCL12/CXCR4 signalling axis is involved in cell proliferation, cell 

migration, angiogenesis and cancer invasion (Balkwill, 2004). 

 

CCR5 is gaining attention as CCR5 overexpression has been found in a number 

of cancer types as a consequence of oncogenic transformation (Velasco-

Velázquez et al., 2012; Aldinucci et al., 2020). Unlike CXCR4, CCR5 is a 

promiscuous receptor that binds CCL3, CCL4, CCL5 and CCL8 with high binding 

affinities (Aldinucci et al., 2020). Through G protein-dependent signalling, CCR5 

is involved in the activation of downstream signalling cascades, including 

PI3K/Akt, MAPK/ERK, NFB and JAK/STAT3, contributing to cytoskeletal 

rearrangement and chemotaxis (Aldinucci et al., 2020). CCR5 was also found to 

promote cancer in the interaction with CD34 expressed in hematopoietic cells 

(Kulmann-Leal et al., 2020). 

 

MCF-7 cells are adherent, non-invasive ER- and PR-positive breast ductal 

carcinoma cells. Previous studies reported that CCR5 (Zhang et al., 2009) and 

CXCR4 (Müller et al., 2001) were detected by using quantitative RT-PCR 

analyses. Particularly CCR5 was found to be overexpressed, contributing to 

cancer proliferation (Zhang et al., 2009; Murooka et al., 2009; Gao et al., 2016) 

and invasion (Zhang et al., 2009) induced by CCL5. Another study reported that 

protein expression level of CXCR1 in MCF-7 cells is undetectable by western 

blotting analysis (Jiang et al., 2013). Consistent with the previous findings, our 

results also showed that more CXCR4 and CCR5 receptors were observed on 

the cell surface for MCF-7 cells (Figures 3.1 and 3.2). The relative cell surface 

receptor quantities of CXCR4 and CCR5 were 11.3 and 35.4 respectively (Table 

3.1).  
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Figure 3.1. CXCR4 and CCR5 receptors are abundantly localised on 

the cell surface of MCF-7 cells. Immunofluorescence staining of cell 

surface chemokine receptors in MCF-7 cells. (a) negative background 

control with secondary antibody added only and stained with DAPI (1:1000) 

(blue) for the visualisation of cell nuclei; (b) mouse monoclonal antibody 

(mAb) against CXCR4 (1:500); (c) rat mAb against CCR5 (1:100) followed 

by secondary staining with secondary Alexa 488 antibody according to the 

host species and class of the primary antibody (1:500) (green) and DAPI 

(1:1000) (blue) for cell nuclei. Cells were fixed with 4% formaldehyde 

solution before images were acquired. Representative images from at least 

3 independent experiments were acquired with a Leica DMII Fluorescence 

microscope using 31.5X magnification.  
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Figure 3.2. Flow cytometry of MCF-7 showing the relative quantities of 

chemokine receptor localised on the cell surface. (a) Representative 

scatter plot (forward scatter (FSC) vs. side scatter (SSC)) showing the gated 

cell population of MCF-7 cells. (b) CXCR1 (IL-8A), (c) CXCR2 (IL-8B), 

(d)CXCR3, (e) CXCR4, (f) CCR5 and (g) ACKR3 (CXCR7). Cells were 

stained with primary antibody specific to corresponding receptor at working 

dilution (IL-8RA: 1:50; IL-8RB: 1:50, CXCR3: 1:200, CXCR4 (4G10): 1:200; 

CCR5: 1:100; ACKR3: 1:50) followed by secondary antibody, matched to 

the host species and class of the primary antibody (1:200) (acquired in the 

FITC channel). Representative histograms from at least 3 independent 

experiments show the comparison of negative control (only secondary 

antibody added) (in red) and stained receptor (in green) in respect to 

fluorescence intensity among the gated population of each cell sample. 
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Fluorescence intensity of 20,000 events from each sample were quantified 

in flow cytometry and cell population was gated to exclude dead cells and 

debris before analysis. Representative scatter plot and histograms were 

generated using CytExpert (Beckman Coulter). 

 

MDA-MB-231 cells are invasive, triple-negative breast cancer cells. High level of 

CXCR4 expression was previously detected in MDA-MB-231 cells by Western 

blot and RT-qPCR (Sun et al., 2014). CCR7 was also reported to express in MDA-

MB-231 cells, and its cognate ligand, CCL21, is involved in intracellular 

filamentous actin (F-actin) polymerisation (Müller et al., 2001). CXCL12/CXCR4 

and CCL5/CCR5 axes have been known to play an important role in cell migration 

and invasion in MDA-MB-231 cells ( Sun et al., 2014; Gao et al., 2016) . To further 

characterise the expression of chemokine receptors in MDA-MB-231, we 

attempted to visualise the total expression of a range of chemokine receptors 

using immunofluorescence staining of permeabilised MDA-MB-231 cells. Our 

results illustrated that CXCR1 and CXCR2 are abundantly expressed, and 

CXCR3, CXCR4 and CCR5 are also detectable in MDA-MB-231 cells (Figure 

3.3). These receptors seem to localise intracellularly in MDA-MB-231 cells. 
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Figure 3.3. MDA-MB-231 cells express IL-8RA and IL-8RB more 

abundantly compared to other chemokine receptors. 

Immunofluorescence staining of total expression of chemokine receptors 

including cell surface and intracellular expression in MDA-MB-231 cells. 

Cells were permeabilised with 0.1% Triton X-100 before cell fixation with 4% 

formaldehyde solution prior to immunofluorescence staining. (a) negative 

background control with secondary antibody added only and stained with 

DAPI (1:1000) (blue) for the visualisation of cell nuclei; (b) mouse mAb 

against IL-8RA (CXCR1) (1:50); (c) mouse mAb against IL-8-RB (CXCR2) 

(1:50); (d) mouse mAb CXCR3 (1:200); (e) mouse mAb against CXCR4 

(1:500); (f) rat mAb against CCR5 (1:100) followed by secondary staining 

with secondary Alexa 488 antibody according to the host species and class 

of the primary antibody (1:500) (green) and DAPI (1:1000) (blue) for cell 

nuclei. Representative images from at least 3 independent experiments 

were acquired with a Leica DMII Fluorescence microscope using 31.5X 

magnification. 

 

Jurkat cells are suspension, lymphoblast cell line from T cell leukaemia. It was 

previously reported that CXCR4 is overexpressed in Jurkat cells from flow 

cytometry quantitative analysis (Gao et al., 2005). From functionality studies, in 

response to CXCL12, Jurkat cells were found to exhibit potent chemotaxis  (Gao 

et al., 2005; Mills et al., 2016). A multifunctional tumour suppressor, PTEN, 

negatively regulate CXCR4-mediated chemotaxis  (Gao et al., 2005). Jurkat cells 
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have been an ideal cell model in the study of chemotaxis (Sonmez et al., 2020). 

As shown in immunofluorescence staining and flow cytometry analysis, 

exceptionally high cell surface localisation of cell surface CXCR4 was observed 

in Jurkat cells, whereas the cell surface localisation of CXCR1, CXCR2, CXCR3, 

ACKR3 and CCR5 was relatively low (Figures 3.4 and 3.5). The relative quantity 

of cell surface CXCR4 in Jurkat cells is 162.7 (Table 3.1).  

 

 

Figure 3.4. CXCR4 receptors are abundantly localised on the cell 

surface of Jurkat cells. Immunofluorescence staining of cell surface 

chemokine receptors in Jurkat cells. (a) negative background control with 

secondary antibody added only and stained with DAPI (1:1000) (blue) for 

the visualisation of cell nuclei; (b) mAb against CXCR4 antibody (1:500) 

followed by secondary staining with anti-mouse Alexa 488 antibody (1:500) 

(green) and DAPI (1:1000) (blue) for cell nuclei. Cells were then fixed with 

4% formaldehyde solution before images were acquired. Representative 

images from at least 3 independent experiments were acquired with a Leica 

DMII Fluorescence microscope using 31.5X magnification. 
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Figure 3.5. Flow cytometry of Jurkat showing the relative quantities of 

chemokine receptor localised on the cell surface. (a) Representative 

scatter plot (forward scatter (FSC) vs. side scatter (SSC)) showing the gated 

cell population of Jurkat cells. (b) CXCR1 (IL-8A), (c) CXCR2 (IL-8B), 

(d)CXCR3, (e) CXCR4, (f) CCR5 and (g) ACKR3 (CXCR7). Cells were 

stained with primary antibody specific to corresponding receptor at working 

dilution (IL-8RA: 1:50; IL-8RB: 1:50, CXCR3: 1:200, CXCR4 (4G10): 1:200; 

CCR5: 1:100; ACKR3: 1:50) followed by secondary antibody, matched to 

the host species and class of the primary antibody (1:200) (acquired in the 

FITC channel). Representative histograms from at least 3 independent 

experiments show the comparison of negative control (only secondary 

antibody added) (in red) and stained receptor (in green) in respect to 

fluorescence intensity among the gated population of each cell sample. 
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Fluorescence intensity of 20,000 events from each sample were quantified 

in flow cytometry and cell population was gated to exclude dead cells and 

debris before analysis. Representative scatter plot and histograms were 

generated using CytExpert (Beckman Coulter). 

 

THP-1 cells are suspension, monocytic leukaemia cell line. A study from our 

group previously showed that THP-1 cells abundantly express CXCR2 and 

CXCR3 from immunofluorescence staining, exhibiting chemotactic responses 

towards CXCL8 and CXCL10 (Alassaf and Mueller, 2020). Another study 

demonstrated that CCL3 and CXCL12 also induce chemotaxis in THP-1 cells 

(Jacques et al., 2015). Our results confirmed CXCR2, CXCR3 and CCR5 are 

overexpressed (Figures 3.6 and 3.7, Table 3.1). The relative quantities of cell 

surface CXCR4 was also detectable but relatively low (3.81) (Figure 3.7 and 

Table 3.1).  

 

 

Figure 3.6. IL-8RB receptors are abundantly localised on the cell 

surface of THP-1 cells. Immunofluorescence staining of cell surface 

chemokine receptors in THP-1 cells. (a) negative background control with 

secondary antibody added only and stained with DAPI (1:1000) (blue) for 

the visualisation of cell nuclei. (b) mouse mAb against CXCR2 (IL-8RB) 
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(1:50) (c) mouse mAb CXCR3 (1:200) (d) rat mAb against CCR5 (1:100) 

followed by secondary staining with secondary Alexa 488 antibody 

according to the host species and class of the primary antibody (1:500) 

(green) and DAPI (1:1000) (blue) for cell nuclei. Cells were then fixed with 

4% formaldehyde solution before images were acquired. Representative 

images from at least 3 independent experiments were acquired with a Leica 

DMII Fluorescence microscope using 31.5X magnification. 

 

Figure 3.7. Flow cytometry of THP-1 showing the relative quantities of 

chemokine receptor localised on the cell surface. (a) Representative 

scatter plot (forward scatter (FSC) vs. side scatter (SSC)) showing the gated 

cell population of THP-1 cells. (b) CXCR1 (IL-8A), (c) CXCR2 (IL-8B), 

(d)CXCR3, (e) CXCR4, (f) CCR5 and (g) ACKR3 (CXCR7). Cells were 

stained with primary antibody specific to corresponding receptor at working 
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dilution (IL-8RA: 1:50; IL-8RB: 1:50, CXCR3: 1:200, CXCR4 (4G10): 1:200; 

CCR5: 1:100; ACKR3: 1:50) followed by secondary antibody, matched to 

the host species and class of the primary antibody (1:200) (acquired in the 

FITC channel). Representative histograms from at least 3 independent 

experiments show the comparison of negative control (only secondary 

antibody added) (in red) and stained receptor (in green) in respect to 

fluorescence intensity among the gated population of each cell sample. 

Fluorescence intensity of 20,000 events from each sample were quantified 

in flow cytometry and cell population was gated to exclude dead cells and 

debris before analysis. Representative scatter plot and histograms were 

generated using CytExpert (Beckman Coulter) (Data for CCR5 and ACKR4 

acquired by Hamshaw I.) 

 

Table 3.1. Comparison of relative quantities of chemokine receptors 

localised on the cell surface among different cell lines. Data represent means 

 SEM from at least 3 independent analyses. 

Cell line Relative quantities of cell surface chemokine receptors*  

( SEM) (n=3) 

IL-8RA 

(CXCR1) 

IL-8RB 

(CXCR2) 

CXCR3 CXCR4 ACKR3 

(CXCR7) 

CCR5 

MCF-7 1.53 

( 0.16) 

1.33 

( 0.08) 

1.47 

( 0.20) 

11.3  

( 0.32) 

1.31 

( 0.02) 

35.4 

( 0.73) 

Jurkat 1.38 

( 0.06) 

1.34 

( 0.14) 

1.69 

( 0.19) 

162.7 

( 2.78) 

1.07 

( 0.03) 

3.97 

( 0.02) 

THP-1 2.79 

( 0.07) 

39.1 

( 2.40) 

16.1 

( 1.52) 

3.81 

( 0.24) 

 1.30 

( 0.16) 

 7.54 

( 0.89) 

 

*Relative quantities of cell surface chemokine receptors was based on median 

channel of fluorescence and calculated from median channel of fluorescence 

(stained cells) / median channel of fluorescence (negative control)], where 

negative control was stained with secondary antibody matched to the host 

species and class of the primary antibody only. Median channel of fluorescence 

was acquired from CytExpert (Beckman Coulter). 
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Figure 3.8. Comparisons of relative quantities of chemokine receptors 

localised on the cell surface among different cancer cell lines. Relative 

quantities of cell surface receptors: (a) IL-8RA, (b) IL-8RB, (c) CXCR3, (d) 

CXCR4, (e) ACKR3, (f) CCR5 on MCF-7, Jurkat and THP-1 cells. Relative 

quantities of cell surface chemokine receptors were based on median 

channel of fluorescence and calculated from median channel of 

fluorescence (stained cells) / median channel of fluorescence (negative 

control)], where negative control was stained with secondary antibody 

matched to the host species and class of the primary antibody only. Median 

channel of fluorescence was acquired from CytExpert (Beckman Coulter). 
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Data shown represent the mean  SEM of at least 3 independent 

experiments. One-way ANOVA with a Tukey’s multiple comparisons test as 

post-hoc test, * = p 0.05; ** = p 0.01, *** = p 0.001. 

 

In the comparisons of the relative quantities of cell surface chemokine receptors 

among the three cancer cell lines: MCF-7, Jurkat and THP-1 cells, some 

chemokine receptors were found to localise more abundantly on the cell surface 

of a specific cell line than others. Particularly for CXCR4, CCR5 and IL-8RB, a 

significant amount of cell surface receptors was seen on Jurkat, MCF-7 and THP-

1 cells respectively (Table 3.1 and Figure 3.8). High levels of localisation of 

chemokine receptors on the cell surface might potentially contribute to significant 

cellular responses in the stimulation of the associated chemokine ligands 

accordingly. Chemokine-induced cellular responses will be investigated in more 

details in the next sections. 

 

3.3.2 Measurement of intracellular calcium (Ca2+) mobilisation in response 

to chemokine stimulation in MCF-7 and THP-1 cells 

 

In order to determine the change in intracellular Ca2+ level, Fura-2-acetoxymethyl 

ester (Fura-2 AM) was used as a fluorescent indicator for Ca2+. Fura-2 AM, which 

is a derivative of Fura-2, is membrane-permeable. Once Fura-2 AM passes the 

plasma membrane and localise in the cytosol, the acetoxymethyl group attached 

to Fura-2 AM is removed by the cellular esterases to become an active Fura-2, 

which binds Ca2+. The maximum excitation wavelengths between Ca2+-bound 

and unbound Fura-2 (Ca2+-bound: 335 nm; unbound: 363 nm). In both forms, the 

maximum emission wavelength is the same (510 nm). The typical benchmark on 

excitation wavelengths in Ca2+ mobilisation assay is 340 nm for Ca2+-bound and 

380 nm for unbound Fura-2 (Martínez et al., 2017). A ratio of the fluorescence 

readings at 340 nm/ 380 nm is proportionally correlated to the amount of 

intracellular Ca2+ release (Martínez et al., 2017). In our study, the data is 

expressed as a change in fluorescence ratio (340nm/380nm), where the basal 

fluorescence before addition of chemokine is subtracted from peak fluorescence 

after addition of chemokine.  
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Cells were incubated with Fura-2 AM at 37C for 30 minutes and relative 

intracellular Ca2+ release level before and after addition of CCL3 200nM or 

CXCL12 20 nM was measured. The concentrations of CCL3 and CXCL12 used 

in our assay was determined by the titration experiments previously conducted 

by members of our group (Keil, PhD dissertation, 2019; Goh, PhD dissertation, 

2018). In the quantification of chemokine-induced Ca2+ flux, increase in 

intracellular Ca2+ is an indication of activation of signalling pathways that involves 

intracellular calcium release following chemokine stimulation. As described 

previously (Figure 1.10), following receptor activation, Gq/11 subunits activate 

PLCβ2 that hydrolyses PIP2 into IP3 and DAG. In turn, IP3 triggers mobilisation of 

Ca2+ from intracellular stores (Rosenbaum et al., 2009). Figures 3.9 and 3.10 

demonstrate that calcium signalling is detected in MCF-7 and THP-1 cells in 

response to both CCL3 and CXCL12 stimulation. In both cell lines, change in 

intracellular Ca2+ levels following CCL3 stimulation is more significant in 

comparison of CXCL12 stimulation (figures 3.9 and 3.10). Moreover, for THP-1 

cells, there was a spike increase in intracellular Ca2+ level following CCL3 

stimulation and then decline progressively. The changes in intracellular Ca2+ level 

appeared to be different in CXCL12-stimulated THP-1 cells and MCF-7 cells 

stimulated with CCL3 and CXCL12. Prolonged intracellular Ca2+ release was 

observed over time within 60 s after chemokine stimulation. Attempts have been 

done to determine CXCL12-induced intracellular Ca2+ mobilisation in Jurkat cells, 

however, Ca2+ responses were unable to be detected. Our group previously 

increase the concentration of CXCL12 to 25 nM for detectable Ca2+ responses in 

Jurkat cells (Hamshaw, PhD dissertation, 2020). Since 20 nM has been used as 

the assay concentration of CXCL12 in this study, we did not decide to change the 

concentration only for Jurkat cells for consistency.  
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Figure 3.9. More increase in intracellular Ca2+ release was observed in 

CCL3 stimulation compared to CXCL12 stimulation in MCF-7 and THP-

1 cells. (a) MCF-7 (b) THP-1 cells were stimulated with CXCL12 (20 nM) or 

CCL3 (200 nM). Data is expressed as changes in fluorescence ratio (340 

nm/380nm) between peak fluorescence after stimulation with chemokine 

and basal fluorescence before stimulation with chemokine. Data represent 

mean  SEM from at least 3 independent experiments.  
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Figure 3.10. Representative traces of real-time change in intracellular 

Ca2+ level in response to CCL3 or CXCL12 stimulation. (a) THP-1 and 

(b) MCF-7 were stimulated with CCL3 (200 nM) at 15 s after the 

measurement started. (c) THP-1 and (d) MCF-7 were stimulated with 

CXCL12 (20 nM) at 15 s after the measurement started. Data are a 

representative trace of at least 3 independent experiments.  

 

It is noteworthy that the calcium buffer used in our study contains Ca2+, unlike the 

commercially available pre-made calcium buffer which is Ca2+-free. This might 

raise concerns that presence of Ca2+ from the buffer would interfere with the 

readout and quantification of Ca2+ level. To reassure the possibility of generating 

inaccurate results, change in intracellular Ca2+ level change relative to basal 

condition was measured in our study. By taking the difference of the readings 

between stimulated and basal conditions, the add-on effects from extracellular 

Ca2+ will be cancelled out. Another concern could be the possibility that 

extracellular Ca2+ could influx through the transient receptor potential (TRP) 

channel on cells. Therefore, intracellular Ca2+ change observed might not solely 

be dependent of chemokine stimulation (Ouadid-Ahidouch et al., 2013). Our 
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group has previously attempted to conduct the same assay with Ca2+-free buffer 

using the cell lines in this study. It has been confirmed that the external effects 

from Ca2+ in the calcium buffer is minimal (personal communication with Prof Anja 

Mueller). 

 

3.3.3 Actin cytoskeletal rearrangement in response to chemokine 

stimulation 

Cell motility is a pivotal process in cancer metastasis. Cancer cells possessing 

increased metastasis potential are more mobile than cancer cells with low 

metastasis potential (Nicolson, 1993). Previous morphological studies revealed 

a significant increase in F-actin content with polarised movement of F-actin 

towards the periphery of the cells in migrating cancer cells following the 

stimulation of chemokines  (Youngs et al., 1997; Verschueren et al., 1994). This 

implies that the structure of actin network correlates to the extent of cancer 

malignancy. In general, a high level of actin polymerisation is a prerequisite for 

lamellipodia formation and critical determinant for cancer cell infiltration into 

tissue (Friedl and Alexander, 2011). Therefore, visualisation of actin cytoskeletal 

rearrangement is one of the indicators of cell migration. 

 

In order to visualise actin filaments (F-actin), F-actin binding phalloidin stain was 

used in our study. Phalloidin is a fluorophore (Alexa 488)-tagged cyclic peptide 

that binds and stabilise F-actin, allowing for the visualisation of the products of F-

actin formation intracellularly (Faulstich et al., 1988). The binding affinity of 

phalloidin is comparable in a variety of cell lines without species-to-species 

variety commonly seen in anti-actin antibodies. Also, phalloidin produces very 

little non-specific binding, making phalloidin an ideal reagent for F-actin 

visualisation and quantification (Faulstich et al., 1988).  

 

In the examination of chemokine-induced actin cytoskeletal rearrangement, a 

variety of chemokines, including CCL3, CCL4, CCL5, CCL23, CXCL8 (IL-8), 

CXCL9 and CXCL12 were investigated. As shown in Table 1.1, CXCL12 is the 

only ligand for CXCR4, whereas CCL3, CCL4 and CCL5 are associated ligands 

for CCR5. Both CXCR4 and CCR5 signalling are correlated to cancer metastasis 

as described in Section 1.6. CXCL8 (IL-8) is associated with CXCR1 (IL-8RA) 

and CXCR2 (IL-8RB). Accumulating evidence has supported that IL-8 signalling 
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axis correlates with immunosuppressive myeloid-rich tumour microenvironment, 

which reduces clinical benefits of anti-PD-1 immunotherapy (Schalper et al., 

2020; Yuen et al., 2020). In the contrary, another chemokine signalling axis, 

CXCL9-CXCR3 has been revealed to have an anti-tumour role of CXCL9-CXCR3 

axis in reinvigoration of CD8+ T cell response in tumour microenvironment, which 

is beneficial for anti-PD-1 immunotherapy (Humblin and Kamphorst, 2019). Apart 

from their interactions with tumour-associated immune cells, it might be 

worthwhile to investigate the effects of IL-8-IL-8RA/IL-8RB and CXCL9-CXCR3 

on cancer cells, which potentially either promote or suppress cancer cell 

migration. For CCL23, it is known to be a ligand for CCR1 and involved in cancer 

metastasis (Votta et al., 2000) and angiogenesis (Hwang et al., 2005). Although 

CCR1 expression was not investigated in our study, recent studies reported 

CCR1 is overexpressed in breast cancer cells contributing to cancer metastasis 

(Huang et al., 2022). Also, there are several ligands for CCR1 in common with 

CCR5, such as CCL3 and CCL5 (Table 1.1).  

 

To examine the effects of chemokine stimulation on actin cytoskeletal change, 

cells were initially stimulated with chemokine ligands (100 nM CCL3, 50 nM 

CCL4, 50 nM CCL5, 50 nM CCL23, 50 nM CXCL8, 50 nM CXCL9 and 50 nM 

CXCL12) respectively for 30 minutes at 37C, 5% CO2. Cells were then washed, 

fixed and permeabilised before staining with phalloidin. For basal condition, cells 

were treated in the same way without the addition of chemokine.  

 

For MCF-7 cells, in comparison of basal condition, there is a significant formation 

of lamellipodia and filopodia at the leading edges of cells and an increase in 

stress fibre formation when incubated with CCL3 or CXCL12 (Figure 3.11). Cells 

appeared to be more spreading than that in the absence of chemokine stimulation 

(Figure 3.11).  
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Figure 3.11. Increase in the formation of filopodia and lamellipodia at 

the leading edge and formation of stress fibres at the contractile tail 

was observed in MCF-7 cells stimulated with CCL3 or CXCL12. Arrows 

(in white) represent filopodia and lamellipodia formation; arrows (in red) 

represent stress fibre formation. Cells were either (a) unstimulated as basal 

control or stimulated with (b) CCL3 (100 nM) or (c) CXCL12 (50nM) for 30 

minutes. Following chemokine stimulation, cells were fixed, permeabilised 

and stained with Alexa FluorTM 488 Phalloidin (1:100) (in green) for F-actin 

cytoskeleton and DAPI (1:1000) (in blue) for cell nuclei. Representative 

images from at least 3 independent experiments were acquired with a Leica 

DMII Fluorescence microscope using 31.5X magnification. 

 

For cells stimulated with other chemokines (CCL4, CCL5, CCL23, CXCL8 and 

CXCL9), F-actin generally accumulates at the periphery of the cells as compared 

to cells without chemokine stimulation. There was no significant formation of 

filopodia, lamellipodia and stress fibre (Figure 3.12). Elongated cell morphology 

was observed in some individual cells (Figure 3.12). 
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Figure 3.12. No significant change in actin rearrangement was 

observed in MCF-7 cells stimulated with CCL4, CCL5, CCL23, IL-8 and 

CXCL9 respectively, but some individual cells appeared to be more 

elongated morphology. Cells were either (a) unstimulated as basal control 

or stimulated with (b) CCL4 (50 nM), (c) CCL5 (50nM), (d) CCL23 (50 nM), 

(e) IL-8 (50 nM) or (f) CXCL9 (50 nM) for 30 minutes. Following chemokine 

stimulation, cells were then fixed, permeabilised and stained with Alexa 

FluorTM 488 Phalloidin (in green) for F-actin cytoskeleton and DAPI (1:1000) 

(in blue) for cell nuclei. Representative images from at least 3 independent 
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experiments were acquired with a Leica DMII Fluorescence microscope 

using 31.5X magnification. 

 

From the quantification analysis based on phalloidin-stained F-actin using 

ImageJ, a significant increase in cell area and a significant reduction in circularity 

were observed in MCF-7 cells stimulated with CCL3 or CXCL12 compared to 

basal condition (Figure 3.13). As cell circularity is expressed in a range of values 

0.0 to 1.0, where 1.0 indicates a perfect circle, the values reflect that MCF-7 cells 

stimulated with CCL3 or CXCL12 appeared to be less circular. Interestingly, in 

the stimulation of CCL23, although there was no significant change in cell area, 

the circularity was significantly reduced compared to unstimulated basal control. 

 

 

Figure 3.13. CCL3 and CXCL12 stimulation induces a significant 

increase in cell area and significant reduction in cell circularity, while 

CCL23 induces a significant reduction in cell circularity but no 

significant difference in cell area in MCF-7 cells. (a) Cell area per a 

single cell under stimulation of all chemokine ligands (CCL3, CCL4, CCL5, 

CCL23, CXCL8, CXCL9 and (b) cell circularity under stimulation of all 

chemokines ligands as above. At least 10 cells were analysed per 

experiment. Identical microscopic settings (image size, 2592 x 1944 pixel 

and 414.72 x 311.04 m) were applied. Data shown represent the mean  

SEM of three independent experiments. (One-way ANOVA with a Dunnett’s 

multiple comparisons test as post-hoc test, ** = p  0.01, *** = p  0.001) 

For MDA-MB-231 cells, distinct pseudopodia formation at the leading edge was 

seen in cells in all tested conditions with chemokine stimulation (Figure 3.14). 
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Unlike in MCF-7 cells, no lamellipodia extensions were seen in MDA-MB-231 

cells. Instead, membrane blebbing and amoeboid-like morphology was seen for 

MDA-MB-231 cells (Figure 3.14). An observable increase in F-actin formation 

was observed in chemokine-stimulated cells compared to basal condition.  

 

 

Figure 3.14. Distinct formation of pseudopodia with membrane 

blebbing and amoeboid-like cell morphology was observed in MDA-

MB-231 cells stimulated with all chemokine ligands tested. Cells were 

either (a) unstimulated as basal control or stimulated with (b) CCL3 (100 

nM), (c) CCL4 (50 nM), (d) CCL5 (50 nM), (e) CCL23 (50 nM), (f) CXCL8 

(50 nM), (g) CXCL9 (50 nM) or (h) CXCL12 (50 nM) for 30 minutes. 

Following chemokine stimulation, cells were then fixed, permeabilised and 

stained with Alexa FluorTM 488 Phalloidin (in green) for F-actin cytoskeleton 

and DAPI (1:1000) (in blue) for cell nuclei. Arrows (in white) represent 

pseudopodia. Representative images from at least 3 independent 

experiments were acquired with a Leica DMII Fluorescence microscope 

using 31.5X magnification. 
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From actin quantification, particularly for CCL3, CCL4, CXCL9 and CXCL12 

stimulation, cell area was significantly increased compared to unstimulated basal 

control. In terms of circularity, cells stimulated with CCL3, CCL4, CCL5, CCL23 

or CXCL9 was significantly reduced, indicating of more elongated morphology 

(Figure 3.15). Although the change in circularity was not significant in cells 

stimulated with IL-8 or CXCL12, the morphology appeared to be amoeboid-like 

but less elongated (Figures 3.14 and 3.15).  

 

 

Figure 3.15. Stimulation of CCL3, CCL4, CXCL9 and CXCL12 induces 

a significant increase in cell area, while cell circularity is significantly 

reduced following the stimulation of CCL3, CCL4, CCL5, CCL23 and 

CXCL9 in MDA-MB-231 cells. (a) Cell area per a single cell under 

stimulation of all chemokine ligands (CCL3, CCL4, CCL5, CCL23, CXCL8, 

CXCL9 and (b) cell circularity under stimulation of all chemokines ligands 

as above. At least 10 cells were analysed per experiment. Identical 

microscopic settings (image size, 2592 x 1944 pixel and 414.72 x 311.04 

m) were applied. Data shown represent the mean  SEM of three 

independent experiments. (One-way ANOVA with a Dunnett’s multiple 

comparisons test as post-hoc test, * = p  0.05, *** = p  0.001) 

 

3.3.4 Chemotaxis in response to chemokine stimulation 

Chemotaxis assay is generally used to evaluate the cellular responses to soluble 

chemoattractant molecules by characterising directed cell motion along 

chemoattractant gradients (Justus et al., 2014). 
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A commercially available ChemoTX plate (Neuroprobe Inc, USA) was used in our 

chemotaxis assay. It relies upon the ability of cells to migrate through a porous 

membrane into the bottom compartment containing chemokine CXCL12 (1nM). 

Cell migration is monitored and assessed by visually counting the cell number 

present in the bottom compartment after 4 hours incubation. The principle is 

similar to the Boyden chamber commonly used for large adherent cells  (Justus 

et al., 2014). For suspension cells (Jurkat and THP-1 cells) in this study, 

ChemoTX plate with a smaller pore sized (5 m) membrane is more suitable (de 

Wit et al., 2016). 

 

Although the Boyden chamber is commonly used in the study of chemotaxis for 

adherent cells, data generated from the cell lines investigated in our study was 

not reproducible using the Boyden chamber. Therefore, another commercially 

available plate, 96-well ORIS cell migration plate (Platypus Technologies) was 

used in this study. A cell-free detection zone was generated at the centre of a 

well by a designated stopper before the addition of chemokine. After incubation 

with chemokine for 24 hours, cells within the detection zone were imaged and 

counted as migrating cells. It is noteworthy that this method assesses random 

migration without the generation of chemokine gradient, similar to a wound 

healing assay. In a wound healing assay, the wound where cells migrate towards 

is manually generated and hence the measurement is subjective. The design of 

ORIS cell migration plate could minimise these man-made errors and 

inconsistency from the wound healing assay. 

 

Figure 3.16 shows that both cell lines, Jurkat and THP-1, migrate towards 

CXCL12 in comparison to basal condition in the absence of CXCL12. The cell 

densities for Jurkat and THP-1 employed in our chemotaxis assay are 25 x 104 

cells per well and 50 x 104 cells per well respectively. These were determined 

from the assay optimisation experiments by our group previously (Goh, PhD 

dissertation, 2018). Between the two cell lines, the CXCL12-induced chemotactic 

response of Jurkat cells is more significant than THP-1 cells This can be 

explained by the fact that CXCR4 is not abundantly expressed in THP-1 cells 

while Jurkat cells overexpress CXCR4 as shown in Table 3.1. As shown in Table 

3.1, expression of cell surface CCR5 is more abundant in THP-1 cells. As 
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demonstrated by Moyano Cardaba et al., 2012, more significant chemotactic 

response to CCL3 was observed for THP-1 cells (approximately 70 x 104 cells/ml 

of migrating cells) in the same experimental setting. For Jurkat cells, other 

chemokine ligands (CCL1, CCL2, CCL3, CCL5, CCL8, CCL23 and CXCL11 

1nM) were investigated in chemotaxis assay previously by our group, however, 

no chemotactic response was observed (Goh, PhD dissertation, 2018). The 

observations imply that the chemotactic responses to chemokine ligands depend 

on the cell surface expression of chemokine receptors and whether the 

downstream cellular processes elicited leads to chemotaxis.  

 

Figure 3.16. Jurkat migrate towards CXCL12 more significantly than 

THP-1 in the chemotaxis assay. Jurkat and THP-1 cells were seeded onto 

the membrane above the bottom compartment containing CXCL12 (1 nM) 

or serum-free media only (for basal controls) in the ChemoTx plate. The 

plate was incubated at 37C for 4 hours. Data is expressed as the number 

of cells in the bottom compartment after 4-hour incubation. Data shown 

represent the mean  SEM of 3 independent experiments. Unpaired t-test, 

* = p≤ 0.05 and *** = p≤ 0.001. 

 

For MDA-MB-231 cells, in the cell migration assay using 96-well ORISTM cell 

migration plate (Platypus Technologies), there is no significant change in the 

number of migrating cells present within the migrating zone after incubation with 

CXCL12 as shown in Figure 3.17.  
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Figure 3.17. No significant cell migration towards the detection zone 

following incubation with CXCL12 was observed for MDA-MB-231 

cells. Cell migration assay was conducted using 96-well ORISTM cell 

migration plate (Platypus Technologies). MDA-MB-231 cells migrate into the 

detection zone after incubation with CXCL12 (1 nM) or in the absence of 

CXCL12 (basal) for 24 hours. In the reference well, the insert stopper was 

not removed until the image was acquired. Cells were stained and incubated 

with calcein AM (green) for 45 minutes and visualised. Representative 

images from 3 independent experiments were acquired with a Leica DMII 

Fluorescence microscope using 5X magnification. 

 

3.3.5 Receptor internalisation in response to chemokine stimulation 

 

The binding of chemokine ligands to their cognate chemokine receptors induce 

rapid desensitisation and internalisation into early endosomes, followed by 

sorting into late endosomes for either degradation or recycling pathway 

(Ferguson, 2001; Nichols and Lippincott-Schwartz, 2001) (Figure 1.20). The tight 

regulation of chemokine receptor translocation between the cell surface and 

intracellular compartments contributes to sensitisation of the receptors to 

chemokine ligands and affects the duration and magnitude of chemokine 
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signalling, which may alter the functionality of cells. The extent of chemokine 

receptor internalisation has been known to be determined by several factors, 

including cell types, ligand types and the phosphorylation status of the C-terminus 

of the receptor.  

 

In this section, we particularly explore CCL3-induced CCR5 internalisation in 

breast cancer MCF-7 cells and CXCL12-induced CXCR4 internalisation in MCF-

7 cells and leukaemic Jurkat cells. As Jurkat cells express relatively low level of 

CCR5 on cell surface (shown in Table 3.1), investigation of CCL3-induced CCR5 

internalisation was not conducted in our study. Cells were stimulated with CCL3 

(100 nM) or CXCL12 (50 nM) in serum-free medium and incubated for 30 minutes 

at 37°C, 5% CO2 to allow receptor internalisation to take place. Cells were then 

washed and stained using anti-CCR5 or anti-CXCR4 antibodies at 4°C. 

Prolonged incubation at 37°C will induce receptor recycling. Since our study aim 

focuses on the process of receptor internalisation only, cell staining process was 

conducted at 4°C after incubation with chemokine at 37°C for 30 minutes (Mueller 

and Strange, 2004). Receptor internalisation was assessed by two methods: 

fluorescence microscopic visualisation and flow cytometry analysis for receptor 

expression quantification. 

 

It is noteworthy that our study used anti-CXCR4 antibody (4G10), which is against 

the N-terminus amino acids of human CXCR4 according to the product 

information provided by the supplier (Santa Cruz Biotechnology). Another anti-

CXCR4 antibody, anti-CXCR4 (12G5), is also commercially available. It was 

found to bind a site in the second extracellular loop 2 (ECL2) of CXCR4, which is 

the same site where CXCL12 binds (Carnec et al., 2005; Yang et al., 2003). It is 

not ideal for receptor internalisation assay due to its competitive binding feature 

with CXCL12. The effect of CXCL12 on CXCR4 internalisation will be hindered 

by anti-CXCR4 (12G5). Instead, it has been more commonly used in antibody 

competition assays for testing CXCR4 antagonising compounds. On the other 

hand, anti-CXCR4 (4G10) binds to a different site from CXCL12, and hence will 

not affect the binding of CXCL12 to CXCR4.  

 

Figures 3.18 and 3.19 illustrates that a significant reduction in CXCR4 

expression from the cell surface was observed on MCF-7 and Jurkat cells in the 
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CXCL12-stimulated samples compared to basal samples. Next, we attempted to 

quantify how much reduction in CXCR4 expression as an indicative of CXCR4 

internalisation using flow cytometry analysis. As shown in Figure 3.19 and Table 

3.2, the cell surface expression level of CXCR4 was significantly decreased by 

26.1% and 49.6% in MCF-7 and Jurkat cells respectively, following the 

stimulation of CXCL12 for 30 minutes. The results indicate that CXCR4 

internalisation took place in Jurkat and MCF-7 cells after CXCL12 stimulation. 

The effect of CXCL12-induced CXCR4 internalisation was more significant in 

Jurkat cells than MCF-7 cells.  
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Figure 3.18. Reduced cell surface expression of CXCR4 was observed 

following the stimulation with CXCL12 in MCF-7 and Jurkat cells 

compared to unstimulated basal controls. (a) MCF-7 or (b) Jurkat cells 

were either unstimulated as a basal control or stimulated with CXCL12 (50 

nM) for 30 minutes at 37C to allow receptor to internalise. Cells were either 

stained with secondary anti-mouse Alexa 488 antibody (1:500) only as 

negative control or stained with mouse mAb against CXCR4 (1:500) 

followed by secondary staining with anti-mouse Alexa 488 antibody (1:500) 

(green) and DAPI (1:1000) (blue) for cell nuclei. Cells were then fixed with 

4% formaldehyde solution before images were acquired. Representative 

images from at least 3 independent experiments were acquired with a Leica 

DMII Fluorescence microscope using 20X magnification. 
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Figure 3.19. A significant reduction in relative CXCR4 expression on 

cell surface following CXCL12 stimulation was observed in both MCF-

7 and Jurkat cells. (a) MCF-7 (b) Jurkat cells were either unstimulated as 

basal control or stimulated with CXCL12 (50 nM) for 30 minutes. 

Fluorescence intensity of 20,000 events from each sample were quantified 

in flow cytometry and cell population was gated to exclude dead cells and 

debris for each cell line before analysis. Representative histograms from at 

least 3 independent experiments show the comparison of unstained 

negative control (in grey), basal control without chemokine stimulation (in 

red) and CXCL12-stimulated cells (in green). Relative CXCR4 receptor 

expression was calculated from median channel of fluorescence (stained 

cells) / median channel of fluorescence (negative control)], where negative 

control was stained with secondary antibody. Median channel of 

fluorescence was based on the median of the fluorescence intensities in a 
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gated population of cells from each sample and acquired by the CytExpert 

software (Beckman Coulter). Data shown represent the mean  SEM of at 

least 3 independent experiments. Unpaired t-test, * = p≤ 0.05, ** = p≤ 0.01. 

 

With respect to CCR5 internalisation, CCR5 expression was reduced from cell 

surface in the CCL3-stimulated MCF-7 cells as shown in Figure 3.20. To confirm 

this, using flow cytometry analysis, it was found that the cell surface expression 

level of CCR5 was significantly decreased by 27.3% in MCF-7 cells, indicating 

that CCL3-induced CCR5 internalisation occurred (Figure 3.21 and Table 3.2). 

Ideally, it might be better to make a multiple comparison across basal, CCL3-

stimulated and CXCL12-stimulated sample. However, since different antibodies 

were used for two different chemokine receptors with different basal expression 

levels and binding affinities, comparisons should be done independently. For 

Jurkat cells, due to lower expression level of cell surface CCR5, CCR5 receptor 

internalisation was undetectable from our attempts. 

 

It should be noted that the receptor expression levels shown in this section 

represent receptor expression on cell surface only, in order to avoid confusion by 

internalised receptors in our analysis. Additional cell permeabilisation step was 

not conducted for visualising intracellular expression of the receptors. 

 

 

Figure 3.20. Cell surface CCR5 expression was reduced following 

CCL3 stimulation in MCF-7 cells. MCF-7 cells were either unstimulated 

as a basal control or stimulated with CCL3 (100 nM) for 30 minutes at 37C 

to allow receptor to internalise. Cells were either stained with secondary 

anti-rat Alexa 488 antibody (1:500) only as negative control or stained with 

rat mAb against CCR5 (1:100) followed by secondary staining with anti-rat 

Alexa 488 antibody (1:500) (green) and DAPI (1:1000) (blue) for cell nuclei. 

Cells were then fixed with 4% formaldehyde solution before images were 
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acquired. Representative images from at least 3 independent experiments 

were acquired with a Leica DMII Fluorescence microscope using 20X 

magnification. 

 

 

Figure 3.21. A significant reduction in relative CCR5 expression on cell 

surface following CCL3 stimulation was observed in MCF-7 cells. MCF-

7 cells were either unstimulated as basal control or stimulated with CCL3 

(100 nM) for 30 minutes. Fluorescence intensity of 20,000 events from each 

sample were quantified in flow cytometry and cell population was gated to 

exclude dead cells and debris for each cell line before analysis. Bar chart 

shows the comparison of relative CCR5 expression between basal control 

without chemokine stimulation ( in black) and CCL3-stimulated cells (in 

grey) based on data from at least 3 independent experiments. 

Representative histograms from at least 3 independent experiments show 

the comparison of unstained negative control (in grey), basal control without 

chemokine stimulation (in red) and CCL3-stimulated cells (in green). 

Relative CCR5 receptor expression was calculated from median channel of 

fluorescence (stained cells) / median channel of fluorescence (negative 

control)], where negative control was stained with secondary antibody. 

Median channel of fluorescence was based on the median of the 

fluorescence intensities in a gated population of cells from each sample and 

acquired by the CytExpert software (Beckman Coulter). Data shown 
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represent the mean  SEM of at least 3 independent experiments. Unpaired 

t-test, * = p≤ 0.05. 
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Table 3.2. Percentage of receptor expression on cell surface following 

chemokine stimulation in MCF-7 and Jurkat cells 

 

Cell line Chemokine Percentage of receptor expression on cell surface 

following chemokine stimulation for 30 minutes (%)*  

Mean ± SEM 

MCF-7 CCL3  

(100 nM) 

72.7 ± 3.8 

CXCL12  

(50 nM) 

73.9 ± 4.8 

Jurkat CXCL12  

(50 nM) 

50.4 ± 3.4 

 

Data shown represent the mean  SEM of at least 3 independent experiments. 

*Percentage of receptor expression on cell surface following chemokine 

stimulation  

= [median channel of fluorescence (chemokine-stimulated) - median channel of 

fluorescence (negative control)] / [median channel of fluorescence (without 

chemokine stimulation) - median channel of fluorescence (negative control)] (%) 

, where negative control was stained with secondary antibody matched to the 

host species and class of the primary antibody only. 

 

3.4 Discussion 

We examined the chemokine expression profile and chemokine-mediated cellular 

responses in a selection of cancer cell lines which endogenously express 

chemokine receptors. From our immunofluorescence staining and quantitative 

flow cytometry analysis, the cancer cell lines used in our study were confirmed to 

display distinct cell surface chemokine receptor expression profiles. Some 

chemokine receptors were found to be more abundantly expressed than others. 

Based on our preliminary findings, we could further investigate signalling events 

related to the overexpressed receptors for these cell lines. This could save time 

to avoid experimenting with chemokine ligands associated with the receptor with 

very low expression in cells. Previous literature determined receptor expression 

using other methods, such as RT-qPCR and western blotting. There are 
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differences in quantitative measurements among these methods due to different 

analytical principles involved. RT-qPCR measures gene expression at mRNA 

level, whereas western blotting measures protein expression. These methods are 

particularly useful for gene set enrichment analysis to investigate association of 

specific gene or protein with diseases. In our study, our research focus on the 

mechanisms of signalling pathways at cellular level, looking at how cell surface 

receptor is activated and transduces downstream signalling in cells. Thus, flow 

cytometry, which is an antibody-based analysis, would be ideal to identify 

receptors or proteins expressed on cell surface or intracellularly. 

 

Calcium ions (Ca2+) plays a crucial role in chemokine-induced signalling, 

transducing downstream signalling implicated in the regulation of a variety of 

physiological and pathological processes (Rosenbaum et al., 2009). 

Measurement of change in intracellular Ca2+ level is an ideal indicator of 

chemokine receptor activation. Therefore, Ca2+ assay is one of the common 

functional assays for GPCR downstream signalling studies.  

 

As MCF-7 and THP-1 cells have been shown to express CCR5 and CXCR4, both 

cell lines are hypothesised to respond to CCL3 and CXCL12. It was found that 

CCL3 stimulation induces more intracellular Ca2+ release in both cell lines 

compared to CXCL12 stimulation. The observation can be explained by the 

expression levels of chemokine receptors. More CCR5 receptors are present on 

cell surface of both MCF-7 and THP-1 cells as shown above (Table 3.1). Another 

explanation is that CCL3-CCR5 signalling might be more likely to activate towards 

the pathways that involve Ca2+ mobilisation via Gq/11. Yet, Ca2+ assay alone does 

not provide sufficient evidence to determine the exact mechanisms in the 

activation of chemokine signalling. Other downstream signalling pathways are 

possible via alternative second messengers as shown in Figures 1.9 and 1.10. 

Other downstream signalling proteins, such as Rac GEFs (Coso et al., 1995), 

Rho GEFs  (Mikelis et al., 2013), PI3K (Welch et al., 2002) and β-arrestins (Sun 

et al., 2002), are also involved in signalling transduction, contributing to a wide 

range of cellular responses. Other functional assays, such as GTPγS binding 

assay (Harrison and Traynor, 2003), cAMP assay (Wang et al., 2004) and 

fluorescence-based analysis of GEF function (Blaise et al., 2021), can be done 

to investigate the activation of G-protein dependent pathways, while 
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luminescence-based β-arrestin recruitment assay (Pedersen et al., 2021) can be 

conducted for determining the possible roles of G-protein independent pathways. 

 

In the aspect of intracellular structures, actin rearrangement is prerequisite for the 

generation of a protrusive leading edge and contractile tail in cell migration 

(Nourshargh and Alon, 2014). Our study demonstrated that CXCL12 and CCL3 

are involved in actin rearrangement in MCF-7 cells by mediating the formation of 

lamellipodia and filopodia at the leading edge and stress fibre formation at the 

contractile tail. Based on the morphology of MCF-7 cells stimulated with CXCL12 

and CCL3, cells appeared to be more spindle-like and spreading, which are the 

common features of mesenchymal-type protrusion and actin-driven migration. 

According to the mechanisms underlying actin-driven migration, Rac, which is 

activated by the adaptor NEDD9 and the exchange factor DOCK3, is the major 

mediator in actin polymerisation through WAVE2, leading to mesenchymal 

protrusion (Sanz-Moreno, 2012). For MDA-MB-231 cells, in response to the 

stimulation of chemokine ligands, membrane blebbing in the absence of 

lamellipodia extension was observed in general. This implies that MDA-MB-231 

cells tend to adopt amoeboid-type protrusion and bleb-driven migration, which is 

different from MCF-7 cells. In bleb-driven migration, cells appear as spherical 

expansions of the membrane driven by cytoplasmic-flow propelled protrusions 

under hydrostatic pressure. There are three phases involved: bleb initiation, bleb 

expansion driving forward movement and bleb contraction driving retraction 

(Lorentzen et al., 2011; Wolf et al., 2003). In the mechanistic aspect, Rho-

mediated activation of ROCK leads to increase in myosin contractility that 

facilitates bleb formation (Bergert et al., 2012). In parallel, Rac GTPase protein, 

ARH-GAP22, is activated, which in turn inhibit Rac-induced actin polymerisation 

and mesenchymal-type protrusion formation (Sanz-Moreno et al., 2008). A 

number of studies demonstrate that cancer cells interconvert their modes of 

protrusion during migration in different types of environment (Sanz-Moreno and 

Marshall, 2010). The balanced regulation of actin protrusion and myosin 

contractility is the determinant of the plasticity in the modes of cancer cell 

migration (Sanz-Moreno et al., 2008; Bergert et al., 2012).  

 

Although our results showed that MCF-7 and MDA-MB-231 cells preferentially 

adopted one mode of migration than the other, the possibility of their capability to 
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switch between the two modes could not be ruled out. The experimental setting 

in our study was limited to a constant growth environment. Cells were grown on 

a 2D culture plate in serum-free growth medium at 37C, 5% CO2. This could not 

represent the complex architecture of tissue and tumour microenvironment in 

cancer where other types of cells, such as immune cells and stromal cells, are 

present. 

 

In terms of the effects of chemokine stimulation on cell migration, our results 

demonstrated that particularly CCL3 and CXCL12 induces mesenchymal 

migration in MCF-7 cells more significantly than other chemokine ligands in the 

study. This can be implicated by several factors: (1) Low expression level of the 

receptor on cell surface might diminish downstream signalling activation and 

transduction, (2) the NEDD9/DOCK3/Rac/WAVE2 pathway might not be involved 

in some of the chemokine signalling axes, (3) the concentration of chemokine 

ligands used might not be optimal for the effect. With respect to amoeboid 

migration in MDA-MB-231 in response to chemokine stimulation, our results 

showed that similar effects were seen across the chemokine ligands tested. Our 

observations are consistent with a previous study on CXCL12 and CCL21 (Müller 

et al., 2001). Distinct pseudopodia formation and transient increase in 

intracellular F-actin were observed following the stimulation with CXCL12 or 

CCL21 in MDA-MB-231 cells (Müller et al., 2001). In the mechanistic aspect, 

another literature demonstrated that the formation of pseudopodia in MDA-MB-

231 cells do not require Arp2/3 complex, which is responsible for filopodia 

formation (Poincloux et al., 2011). This might imply that the Rho/ROCK pathway 

is predominant in pseudopodia formation in MDA-MB-231 cells. Also, the 

activation of Rho/ROCK pathway in myosin contractility is more generalised with 

multiple chemokines involved. Yet, further investigations should be done to 

confirm the involvement of chemokine signalling in Rho/ROCK pathway. Also, 

since MDA-MB-231 is an invasive breast cancer cell line with higher migratory 

potential, the sensitivity of chemokine receptors might be higher than MCF-7 

cells. Even low levels of chemokine receptor expression could sensitise the ligand 

activation, thereby elicit significant cellular responses. 

 

Apart from the determination of cell migration modes by visualising intracellular 

actin rearrangement, we also examined the chemotactic responses of cells in the 
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stimulation with chemokine ligands. In the generation of chemokine gradients, 

cells migrate towards soluble chemoattractant molecules in a directed direction, 

known as chemotaxis (Justus et al., 2014).  

 

In relation to CXCL12-induced chemotaxis, our result suggested that Jurkat and 

THP-1 cells migrate towards CXCL12 but more migration was observed in Jurkat 

cells. It implies that chemotactic responses can vary between cell types even in 

the stimulation of the same chemokine ligand as alternative pathway that does 

not involve chemotaxis might preferentially be activated in some cell types. For 

MDA-MB-231 cells, no significant increase in migratory response was observed 

in the stimulation with CXCL12. Yet, our observations were contradicted to 

previous publication. The study showed that a significant increase in cell 

migration was observed in MDA-MB-231 cells stably transfected with CXCL12, 

compared to wild-type MDA-MB-231 cells in Matrigel invasion assay (Sun et al., 

2014). This implies that CXCL12 induces cell invasion in MDA-MB-231 cells. 

There may be several explanations for these controversial observations. Firstly, 

the study was to evaluate the endogenous effect of CXCL12 transfection on cell 

invasion by using genetically modified cells where CXCL12 was overexpressed. 

Also, the addition of Matrigel was to simulate cell invasion through the 

extracellular matrix (ECM). The assay employed by the study measures the 

capability of cells to invade through ECM. Our study assessed the effect of 

CXCL12 stimulation exogenously on cell migration instead. There might be 

environmental factors that could affect the observations. Secondly, in our 

experimental setup, chemokine was added directly to the well once the insert 

stopper was removed. In this circumstance, chemokine diffuse throughout the 

well without the generation of chemokine gradient. Thus, cells could migrate in 

random directions and some migrating cells might not be detected within the 

detection zone. By taking end-point analysis, it might not accurately represent the 

whole process of cell migration in response to chemokine stimulation. Thirdly, the 

incubation time with chemokine might not long enough to detect the difference in 

the number of migrating cells. Some cell types might migrate at a slower migrating 

rate. 

 

Also, it should be noted that the method using the 96-well ORIS cell migration 

plate (Platypus Technologies) is based on the assessment of random migration, 
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which is different from ChemoTx plate (Neuroprobe Inc, USA). Thus, the 

observations might not represent the effect of CXCL12 concentration gradient on 

directed migration. Also, attempts have been done with another breast cancer 

cell line, MCF-7 using the ORIS cell migration plate, however, no migration was 

observed within the assay incubation time (24 hours) (Hamshaw, PhD 

dissertation, 2020).  

 

There are several factors that influence the migrating ability of cells, such as cell 

types and cell density. In some cell types, their migratory behaviours correlate to 

different phases of cell cycle. Recent findings have revealed the spatiotemporal 

interactions between the cyclin-dependent kinase inhibitors, p21Cip1 and p27Kip1, 

and Rho GTPases signals, corresponding to cytoskeletal remodelling in cell 

migration (Lan et al., 2021). In this case, timing of passage and cell 

synchronisation in a specific phase of cell cycle are critical to ensure cell 

homogeneity for the investigation of cell migration. Also, cells might adopt 

different migration modes, integrin-dependent and integrin-independent 

migration, that result in varied rate of migration (Huttenlocher and Horwitz, 2011). 

Thus, incubation time might need to be prolonged to allow cells to migrate. 

Moreover, cell density could affect the migrating ability. Some cells might prefer 

individual migration, and hence lower seeding density might favour migration 

(Alassaf, PhD dissertation, 2020; Hamshaw, PhD dissertation, 2020). On the 

other hand, cells that prefer multicellular migration might require higher seeding 

density that allows more cell-cell interactions to trigger migration through 

paracrine signalling (Friedl and Alexander, 2011).  

 

Although CCL3-induced chemotaxis was not investigated in this study, our group 

has previously demonstrated that THP-1 cells significantly migrate towards 

CCL3, whereas no chemotactic response was observed for Jurkat cells (Goh, 

PhD dissertation, 2018). This can be explained by the expression level of CCL3-

associated receptor, CCR5, on cell surface as shown in Figure 3.6. Higher 

expression of chemokine receptors on cell surface could increase sensitivity to 

chemokine gradient that guides directed migration of cells.  

 

Furthermore, it should be noted that our results might not accurately reflect the 

pathophysiological conditions in cancer due to limitations in our chemotaxis 
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assay. Cell movement in the chemotaxis plate used in our assay is basically one-

dimensional from the top compartment to bottom compartment, lacking spatial 

and temporal parameters in the measurement of cell migration. Also, the 

microenvironment system is unable to generate a combination of chemokine 

concentration gradients relevant to gradient patterns in physiological conditions. 

A study demonstrated that the rate of migration is affected by different 

concentration slope gradients. Faster directional migration was seen in shallower 

concentration gradient for Jurkat cells (Sonmez et al., 2020). This observation is 

consistent with pathophysiological condition. During inflammation, the slope 

gradient at the site proximal to the inflammation site is high and it gets shallower 

at the distant regions. The shallow chemokine gradients at the distant regions 

create a cue for immune cells to rapidly sensitise chemokine and move towards 

the inflammation site (Griffith et al., 2014).  

 

Recent research has been improving the design of device for monitoring 

chemotactic responses particularly for Jurkat cells, which is a flow-free gradient 

chamber with a microfluidic system (Sonmez et al., 2020). The spatiotemporally 

controlled fluidic environment within the device is capable of generating 

combinational chemokine gradients with different aspect ratio that overcomes the 

limitations mentioned above and more accurately measure chemotactic 

responses. In addition, the wide gradient chamber design in the system allows 

real-time visualisation of migrating cells using high resolution microscopy. Time-

lapse microscopy allows us to understand cellular behaviours in response to 

chemokine stimulation in more depth (Sonmez et al., 2020). Yet, this device was 

tested with Jurkat cells as a model only. Some modifications might need to be 

done with the design for other cell types, especially adherent cells. 

 

The internalisation of chemokine receptor is an important process to regulate 

receptor sensitisation and desensitisation through recycling and degradation 

pathways, which in turn influence cellular responses elicited by chemokine 

signalling. Our results demonstrate that cell type is one of the contributory factors 

affecting the extent of chemokine receptor internalisation. Particularly for CXCR4 

internalisation, the effect of CXCL12-mediated CXCR4 internalisation in Jurkat is 

more significant than that in MCF-7 cells. Similar to our study, previous work has 

demonstrated that rate of chemokine receptor internalisation differs across 
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different cell lines (Mueller and Strange, 2004). This could be affected by several 

factors, such as different receptor internalisation pathways preferentially adopted 

and abundance of endocytic machinery components. To date, there are two main 

pathways of internalisation revealed by previous literature: clathrin-dependent 

and caveolae-dependent pathways (Mueller et al., 2002). Several studies 

working on CCR5 internalisation demonstrated that different cell lines 

preferentially adopt different internalisation pathways. For example, it was shown 

that Chinese hamster ovary (CHO) adopt both clathrin-dependent and caveolae-

dependent pathways in CCR5 internalisation (Mueller et al., 2002), whereas 

CCR5 internalisation in HEK293 cells is mainly dependent of caveolae 

(Venkatesan et al., 2003). In addition, a study reported that the rate of receptor 

internalisation could also be dictated by structural difference in chemokine 

receptors (Venkatesan et al., 2003). On the molecular basis, it was found that C-

terminal cytoplasmic domain is the main determinant of the rate of receptor 

internalisation and the preference of internalisation pathway. In primary T-cells 

investigated in the study, caveolae-dependent pathway is predominant in CCR5 

internalisation since the C-terminal cytoplasmic domain of CCR5 was shown to 

anchor in plasma membrane rafts, as a result of slower endocytic rate. Whereas 

CXCR4 preferentially internalise through clathrin-dependent pathway as CXCR4 

is found to be excluded from rafts, thereby, CXCR4 endocytic rate is faster than 

that of CCR5 (Venkatesan et al., 2003). Due to a variety of observations from the 

previous findings, experimental approaches in the investigation of chemokine 

receptor internalisation are necessary to be specified to cell types, receptors and 

ligands. 

 

3.5 Chapter conclusions 

The final conclusions to be drawn from this chapter are: 

 

1. The expression profile of chemokine receptors on cell surface is distinct 

across different cancer cell lines. MCF-7 cells abundantly express CCR5 

and CXCR4. Jurkat cells abundantly express CXCR4 only. THP-1 

abundantly express IL-8RB, CXCR3 and CCR5. MDA-MB-231 cells 

abundantly express IL-8RA, IL-8RB and CXCR3. 

2. Calcium signalling following chemokine stimulation might not be 

necessary in all cell lines. MCF-7 and THP-1 cells respond to CCL3 and 
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CXCL12 stimulation respectively, which in turn induce intracellular Ca2+ 

release, but not for Jurkat cells. 

3. Actin cytoskeleton is rearranged differently in different cell lines in 

response to chemokine stimulation, as implicated by different modes of 

cell migration adopted. In MCF-7 cells, the formation of lamellipodia and 

filopodia is predominant in response to CXCL12 or CCL3 stimulation 

specifically, promoting mesenchymal cell migration. On the other hand, in 

MDA-MB-231 cells, the formation of pseudopodia induced by more 

generalised chemokine stimulation is predominant, leading to amoeboid 

cell migration. 

4. Chemotactic responses are dependent of cell types. CXCL12 stimulation 

predominantly mediates a signalling pathway contributing to chemotaxis 

in Jurkat cells, but less significant in THP-1 cells. This has proven that 

Jurkat cells are considered as an ideal cell model in the study of 

chemotaxis. 

5. Cell type is a key contributory factor affecting the extent of chemokine 

receptor internalisation potentially due to different receptor internalisation 

pathways involved or the expression of endocytic machinery 

compartments. These will be further investigated in Chapter 4 
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Table 3.3. Summary of characterisation of chemokine receptor expression and cellular responses in different cancer cell lines 

Cell line Cancer type 

Chemokine receptor expression profile and chemokine-induced cellular responses 

Overexpressed 

chemokine receptor 

Calcium 

response 

Actin cytoskeletal 

rearrangement 
Chemotaxis 

Receptor 

internalisation 

MCF-7 ER+PR+ breast 

cancer 

CXCR4, CCR5 Yes  

• In response 

to CCL3 

and 

CXCL12 

In response to CCL3 

and CXCL12  

• Increased formation of 

filopodia and 

lamellipodia at the 

leading edge 

• Increased formation of 

stress fibre at the 

contractile tail 

Inconclusive due to 

assay limitations 

Yes  

• CXCR4 

internalisation 

(In response to 

CXCL12) (p≤ 0.05) 

•  CCR5 internalisation 

(In response to 

CCL3) (p≤ 0.05) 

MDA-MB-231 Triple negative 

breast cancer 

IL-8RA, IL-8RB, 

CXCR3 

Not 

investigated † 
 

In response to CCL3, 4, 

5 and 23, IL-8. CXCL9 

and 12  

• Formation of 

pseudopodia with 

membrane blebbing 

Inconclusive due to 

assay limitations 

Not investigated† 
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Cell line Cancer type 

Chemokine receptor expression profile and chemokine-induced cellular responses 

Overexpressed 

chemokine receptor 

Calcium 

response 

Actin cytoskeletal 

rearrangement 
Chemotaxis 

Receptor 

internalisation 

Jurkat T-cell 

leukaemia 

CXCR4 Detectable*  

• In response 

to CXCL12 

Not investigated† Yes  

• In response to 

CXCL12 

stimulation  

(p≤ 0.001) 

Yes  

• CXCR4 

internalisation 

(In response to 

CXCL12) (p≤ 0.001) 

THP-1 Monocytic 

leukaemia 

IL-8RB, CXCR3, 

CCR5 

Yes  

• In response 

to CCL3 and 

CXCL12 

Not investigated† Yes  

• In response to 

CCL3 (Moyano 

Cardaba et al., 

2012) and 

CXCL12 

stimulation (p≤ 

0.05) 

Not investigated† 

 

*Concentration of CXCL12 was increased to 25 nM for a detectable response (Hamshaw, PhD dissertation, 2021). 
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†Notes: 

For MDA-MB-231 cells, Ca2+ response and receptor internalisation were not investigated as inconsistent responses were observed from 

attempts by members of our group due to the nature of the cell line or technical issues in cell culturing (personal communication). 

For Jurkat cells, actin cytoskeletal rearrangement was not investigated as F-actin expression is difficult to be clearly visualised due to small 

cell size. 

For THP-1 cells, actin cytoskeletal rearrangement was not investigated due to small cell size. Also, cell surface receptor expression was 

found to be varied at different time points of cell differentiation during cell culture, leading to inconsistent cellular responses observed. Due 

to difficulty to manipulate and time limits, receptor internalisation was not investigated, only chemotaxis assay was conducted. 
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Chapter 4: Investigations into the 

mechanisms underlying chemokine-induced 

receptor internalisation 

 

4.1 Introduction 

The dynamics of receptors through internalisation, recycling and degradation 

determines the sensitivity of the receptor to ligand stimulation in modulation of 

cellular responses (Neel et al., 2005). GPCRs can be internalised through two 

distinct receptor endocytic pathways dependent on either clathrin or caveolae 

with some receptors favouring one pathway over the other (Signoret et al., 2005), 

while some may utilise both (Mueller et al., 2002). There are three main factors 

that determine which endocytic pathway is utilised by receptors: cell type, ligand 

and the rate of receptor internalisation. (Table 4.1). 

 

For the specificity of different cell types, the expression levels and availability of 

endocytic machinery components, such as clathrin, caveolae and other adaptor 

proteins might vary in different cell types. Using CCL5-induced CCR5 

internalisation as an example, it was found that CCR5 receptors expressed on 

CHO cells preferably utilise clathrin-dependent pathway (Signoret et al., 2005), 

whereas caveolae-dependent pathway is predominant in CCR5 receptor 

internalisation in primary T-cells and HEK293 cells (Venkatesan et al., 2003). In 

addition, CCR5 is internalised at a faster rate in CHO cells than in primary T-cells 

and HEK293 cells  (Signoret et al., 2005; Venkatesan et al., 2003). These 

variations among different cell lines may be due to the proximity of caveolae to 

the domain of the receptor, the ratio of adaptor proteins involved or the 

abundance of the critical proteins in receptor endocytosis. 

 

Kraft et al., 2001 determined that there was a 70% reduction in cell surface CCR5 

when stimulated with CCL5 for 30 mins while in a second study by Mueller et al., 

2002 there was 50% of CCR5 receptors remaining after stimulation with CCL3 

for 60 minutes. These studies suggest that different chemokine ligands can 
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mediate variable percentage of reduction in receptor expression and also that 

receptor internalisation occurs at different rates, summarised in Table 4.1. 

 

Although there has been a substantial amount of evidence showing the 

mechanisms of receptor internalisation across different chemokine receptors, the 

findings between literature are sometimes conflicting. The discrepancies may be 

attributed to different cell types as experimental models, chemokine receptors 

exogenously or endogenously expressed in cell lines, ligand concentration, 

duration of stimulation and detection methods. Therefore, we set out to examine 

the pathways of receptor internalisation in a more consistent approach that can 

be comparable between different cell lines. We then further determined the 

involvement of the key adaptor proteins, dynamin and -arrestins, in the 

regulation of chemokine-induced receptor internalisation. 
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Table 4.1. Summary of the extent of receptor internalisation from studies investigating CCR5 and CXCR4 internalisation in 

different cell lines (Adapted from Neel et al., 2005) 

 

Chemokine 

receptors 

Receptor 

expression 

Cell lines Ligands  

(concentration) 

Ligand 

stimulation 

duration 

Detection 

methods 

Percentage 

of receptors 

internalised 

Reference 

CCR5 Exogenous  CHO CCL3  

(50 nM) 

60 min FACS 49.20% (Mueller et al., 

2002) 

Exogenous  HeLa 

RC49 

CCL3  

(50 nM) 

60 min FACS 41.40% 

Endogenous THP-1 CCL3  

(50 nM) 

60 min FACS 34.30% (Mueller and 

Strange, 2004) 

Exogenous HEK293 CCL5  

(200 nM) 

30 min FACS t1/2 = 60 mins (Venkatesan et 

al., 2003) 

Exogenous CHO CCL5  

(125 nM) 

30 min Radioligand 

binding 

70% (Kraft et al., 

2001) 
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Chemokine 

receptors 

Receptor 

expression 

Cell lines Ligands  

(concentration) 

Ligand 

stimulation 

duration 

Detection 

methods 

Percentage 

of receptors 

internalised 

Reference 

CCR5 Exogenous RBL-2H3 CCL5  

(50 nM) 

30 min FACS 70% (Signoret et al., 

2005) 

CXCR4 Exogenous  RBL-2H3 CXCL12  

(100 nM) 

30 min Radioligand 

binding 

52% (Haribabu et al., 

1997) 

Endogenous PBL CXCL12  

(20 nM) 

10 min FACS 90% (Venkatesan et 

al., 2003) 

Exogenous  HeLA-

CD4 

CXCL12  

(20 nM) 

30 min FACS 80% 
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4.2 Chapter aims 

Hypothesis: We hypothesised that the pathways of receptor internalisation vary 

depending on chemokine ligands used and cell types in which the chemokine 

receptor is expressed. These two main factors could potentially determine the 

likelihood of either of clathrin-dependent or caveolae-dependent endocytic 

pathway utilised. 

 

Aims: The aim of this chapter is to examine which pathway is preferentially 

utilised in chemokine-induced receptor internalisation using two different cancer 

cell lines, and the involvement of the two key adaptor proteins, dynamin and -

arrestins. 

 

4.3 Results 

4.3.1 Caveolin-1 (Cav-1) is expressed intracellularly in MCF-7 cells. 

Following CCL3 or CXCL12 stimulation, Cav-1 translocate towards the 

leading edge of MCF-7 cells but no significant change in Cav-1 expression 

is observed in MCF-7 cells. 

 

As mentioned in Chapter 1, caveolae (also known as lipid rafts) are known to be 

a key player in clathrin-independent internalisation. Caveolae are comprised of a 

set of proteins stabilised by cholesterol molecules in plasma membrane (Parton 

et al., 2020b), forming membrane invaginations for endocytosis (Ariotti et al., 

2015) or serving as a scaffold for various membrane proteins to form a cell-

specific signalling domain in signalling transduction (Mañes et al., 1999; Parton 

et al., 2020b). Following chemokine stimulation, caveolae preferentially localise 

at the leading edge of migrating cells. This mediates receptor and signalling 

protein redistribution to the leading edge which is essential for front-rear polarity, 

as a result of chemotaxis (Mañes et al., 1999). Hence, we attempted to determine 

the change in caveolae expression and localisation following CCL3 and CXCL12 

stimulation in MCF-7 and Jurkat cells using a polyclonal antibody specific to 

caveolin-1 (Cav-1) by immunofluorescence staining. 

 

Cav-1 is one of the structural proteins within the caveolae domain (Anderson, 

1998), commonly used as a marker for the identification of caveolae. It should be 
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noted that a polyclonal antibody was used in our study. The advantage of using 

polyclonal antibody is that the sensitivity is higher for detecting proteins in lower 

quantity, however, there are some potential risks, such as batch-to-batch 

variability during production and higher chance of cross-reactivity due to a 

recognition of multiple epitopes. In our study, we performed all experiments using 

the same batch of the antibody, which should eliminate the chance of batch-to-

batch variability affecting our result consistency. Also, the antibody used in our 

study was from a recognised supplier (Santa Cruz Biotechnology), and is claimed 

to be purified which should minimise the risk of cross reactivity. 

 

In Figure 4.1, Cav-1 proteins scatter across the edges of MCF-7 cells in the 

absence of chemokine stimulation under basal conditions. After CXCL12 

stimulation for 30 minutes, Cav-1 proteins were observed to translocate towards 

the leading edge of MCF-7 cells. Yet, the effects seem to be less significant in 

CCL3-stimulated cells.  
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Figure 4.1. Translocation of caveolin-1 (Cav-1) towards the leading 

edge of the cells following CCL3 or CXCL12 stimulation in MCF-7 cells. 

Immunofluorescence staining of intracellular Cav-1 in MCF-7 cells. (a) 

negative background control with secondary antibody added only and 

stained with DAPI (1:1000) (blue) for the visualisation of cell nuclei. Cells 

were either unstimulated as (b) basal control or stimulated with (c) CCL3 

(100 nM) or (d) CXCL12 (50 nM) for 30 minutes. Cells were then fixed, 

permeabilised and stained with rabbit polyclonal Cav-1 antibody (1:500), 

followed by secondary staining with anti-rabbit FITC antibody (1:500) 

(green) and DAPI (1:1000) (blue) for cell nuclei. Representative images 

from at least 3 independent experiments were acquired with a Leica DMII 

Fluorescence microscope using 31.5X magnification. 

 

From quantitative flow cytometry analysis, MCF-7 cells express Cav-1 at 

detectable level (Figure 4.2). To determine the effects of chemokine stimulation 

on the expression of Cav-1, cells were stimulated with 50 nM CXCL12 or 100 nM 

CCL3 for 30 minutes prior to antibody staining for flow cytometry analysis. Our 
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results showed a trend of increased expression of Cav-1 particularly after 

CXCL12 stimulation in MCF-7 cells, but not statistically significant (Figure 4.2).  

 

 

Figure 4.2. There was a trend of increased Cav-1 expression following 

CCL3 or CXCL12 stimulation in MCF-7 cells, but it was not significant. 

MCF-7 cells were either unstimulated as basal control or stimulated with 

either CCL3 (100 nM) or CXCL12 (50 nM) for 30 minutes, followed by 

permeabilization and fixing for intracellular Cav-1 staining. Cells were 

stained with rabbit polyclonal Cav-1 antibody (1:200) followed by secondary 

staining of anti-rabbit FITC antibody (1:200). Only secondary anti-rabbit 

FITC antibody (1:200) was added in negative control. Fluorescence 

intensity of 20,000 events from each sample were quantified in flow 

cytometry and cell population was gated to exclude dead cells and debris 

before analysis. (a, b) Representative histograms showing the comparison 
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of unstained negative control (in grey), basal control without chemokine 

stimulation (in red) and CCL3-stimulated cells (in green) or CXCL12-

stimulated cells (in blue) in respect to fluorescence intensity among the 

gated population (P1) of each cell sample. (c) Representative scatter plot 

(forward scatter (FSC) vs. side scatter (SSC)) indicates the gated cell 

population (indicated as P1) in the analysis. (d) Bar chart showing relative 

expression of Cav-1 in MCF-7 cells following CCL3 (coloured in light grey) 

or CXCL12 stimulation (coloured in dark grey) compared to basal control 

(coloured in black) without chemokine stimulation. Relative Cav-1 

expression was calculated from (chemokine-stimulated – negative control) 

/ (basal control – negative control) (%), where negative control was stained 

with secondary antibody. Fluorescence values are based on median 

channel of fluorescence in a gated population (P1) of cells from each 

sample and acquired by the CytExpert software (Beckman Coulter). Data 

shown represent the mean  SEM of at least 3 independent experiments. 

One-way ANOVA with a Dunnett’s multiple comparisons test as post-hoc 

test, n.s. = not significant. 

 

4.3.2 Cav-1 express intracellularly in Jurkat cells. CXCL12 stimulation does 

not induce a significant change in Cav-1 expression in Jurkat cells. 

 

As the cell size of Jurkat cells is small, it was challenging to visualise the 

distribution of Cav-1 intracellularly due to the limitations of the fluorescence 

microscope in our lab. Therefore, immunofluorescence imaging was not 

conducted with Jurkat cells. 

 

From quantitative flow cytometry analysis, Jurkat cells express Cav-1 at 

detectable levels (Figure 4.3). In the stimulation with CXCL12 (50 nM), similar to 

MCF-7 cells, there was a trend of increased expression of Cav-1 but not 

significant (Figure 4.3). As cells were permeabilised before Cav-1 staining, cell 

surface and intracellular Cav-1 are inclusive in our quantitative analysis of Cav-1 

expression. The overall expression level shown in our results cannot reflect any 

translocation of Cav-1. 
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Figure 4.3. A trend of increased Cav-1 expression following CXCL12 

stimulation was observed in Jurkat cells, but it was not significant. 

Jurkat cells were either unstimulated as basal control or stimulated with 

CXCL12 (50 nM) for 30 minutes, followed by fixing and permeabilization for 

intracellular Cav-1 staining. Cells were stained with rabbit polyclonal Cav-1 

antibody (1:200) followed by secondary staining of anti-rabbit FITC antibody 

(1:200). Only secondary anti-rabbit FITC antibody (1:200) was added in 

negative control. Fluorescence intensity of 20,000 events from each sample 

were quantified in flow cytometry and cell population was gated to exclude 

dead cells and debris before analysis. (a) Representative histograms show 

the comparison of unstained negative control (in grey), basal control without 

chemokine stimulation (in red) and CXCL12-stimulated cells (in green) in 

respect to fluorescence intensity among the gated population (P1) of each 

cell sample. (b) Representative scatter plot (FSC vs. SSC) indicates the 
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gated cell population (indicated as P1) in the analysis. (c) Bar chart showing 

relative expression of Cav-1 in Jurkat cells following CXCL12 stimulation 

(coloured in grey) compared to basal control without chemokine stimulation 

(coloured in black). Relative Cav-1 expression was calculated from 

(chemokine-stimulated – negative control) / (basal control – negative 

control) (%), where negative control was stained with secondary antibody. 

Fluorescence values are based on median channel of fluorescence in a 

gated population (P1) of cells from each sample and acquired by the 

CytExpert software (Beckman Coulter). Data shown represent the mean  

SEM of at least 3 independent experiments. Unpaired t-test, n.s. = not 

significant. 

 

4.3.3 Protein synthesis inhibitor, cycloheximide, has no effect on Cav-1 

expression following chemokine stimulation in MCF-7 and Jurkat cells. 

 

To determine whether the trend of increased Cav-1 expression observed in both 

MCF-7 and Jurkat cells is caused by chemokine-induced protein synthesis, a 

protein synthesis inhibitor, cycloheximide, was used in our study. Cycloheximide 

is a commonly used inhibitor that blocks protein synthesis by interfering the 

elongation step in translation (Schneider-Poetsch et al., 2010). A previous study 

from our group used 10 g/mL of cycloheximide to inhibit protein synthesis in the 

investigation of receptor recycling in CHO.CCR5 cells (Mueller et al., 2002). From 

the MTS cytotoxicity test, cycloheximide was shown to have some toxicity in 

MCF-7 and Jurkat cells in a concentration range from 0.5 g/mL to 10 g/mL after 

24 hours incubation. However, the toxicity effect was not significant overall 

(Figure A1). Also, the incubator time with the inhibitor in our experimental assay 

was 30 minutes only. Thus, the toxicity of cycloheximide at 10 g/mL should be 

minimal. Our results demonstrated that reduction in Cav-1 expression after the 

treatment of cycloheximide was not significant in MCF-7 and Jurkat cells in the 

stimulation with chemokine (Figures 4.4 and 4.5). 
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Figure 4.4. Cycloheximide has no effect on Cav-1 expression change 

in MCF-7 cells stimulated with CCL3 or CXCL12. Cells were pre-treated 

with cycloheximide (10 g/ml) for 30 minutes and stimulated with either 

CXCL12 (50 nM) or CCL3 (100 nM) for another 30 minutes, followed by 

fixing and permeabilization for intracellular Cav-1 staining. Fluorescence 

intensity of 20,000 events were quantified in flow cytometry and cell 

population was gated to exclude dead cells and debris for each cell line 

before analysis. Graph showing relative expression of Cav-1 in MCF-7 cells 

pre-treated with cycloheximide and stimulated with either CCL3 or CXCL12 

compared to control without inhibitor treatment. Relative Cav-1 expression 

was calculated from (chemokine-stimulated – negative control) / (basal 

control – negative control) (%), where negative control was stained with 

secondary antibody. Fluorescence values are based on median channel of 

fluorescence in a gated population of cells from each sample and acquired 

by the CytExpert software (Beckman Coulter). Data shown represent the 

mean  SEM of at least 3 independent experiments. One-way ANOVA with 

Sidak’s multiple comparisons test as post-hoc test, n.s. = not significant. 
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Figure 4.5. Cycloheximide has no effect on Cav-1 expression change 

in Jurkat cells stimulated with CXCL12. Cells were pre-treated with 

cycloheximide (10 g/ml) for 30 minutes and stimulated with CXCL12 (50 

nM) for another 30 minutes, followed by fixing and permeabilization for 

intracellular Cav-1 staining. Fluorescence intensity of 20,000 events from 

each sample were quantified in flow cytometry and cell population was 

gated to exclude dead cells and debris for each cell line before analysis. 

Graph showing relative expression of Cav-1 in Jurkat cells pre-treated with 

cycloheximide and stimulated with CXCL12 compared to control without 

inhibitor treatment. Relative Cav-1 expression was calculated from 

(chemokine-stimulated – negative control) / (basal control – negative 

control) (%), where negative control was stained with secondary antibody. 

Fluorescence values are based on median channel of fluorescence in a 

gated population of cells from each sample and acquired by the CytExpert 

software (Beckman Coulter). Data shown represent the mean  SEM of at 

least 3 independent experiments. Unpaired t-test, n.s. = not significant. 

 

4.3.4. Caveolae-blocking agents, filipin and nystatin, disrupt intracellular 

localisation of Cav-1 in MCF-7 cells. 

 

To further investigate the roles of caveolae in chemokine-induced receptor 

internalisation, we used two cholesterol-depleting agents, filipin and nystatin, to 
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examine the effects on chemokine-induced receptor internalisation in MCF-7 and 

Jurkat cells. 

 

Filipin and nystatin possess different modes of action to membrane cholesterol. 

Filipin binds 3-β-hydroxysterols in a 1:1 stoichmetry, consequently forming large 

aggregates aligning at the centre of the lipid bilayer (De Kruijff and Demel, 1974), 

whereas nystatin forms sterol-dependent ion channels in the plasma membrane 

(Bolard, 1986). 

 

To test the targeting effects of filipin and nystatin in MCF-7 cells as a preliminary 

experiment, immunofluorescence staining of Cav-1 was conducted in inhibitor-

treated cells in comparison with cells without inhibitor treatment. Previous study 

from Cardaba et al., 2008 showed filipin and nystatin interferes with caveolae 

localisation in CHO.CCR5 cells at 5 g/mL and 50 g/mL respectively. Our results 

from MTS cytotoxicity test confirmed that there was no toxicity in MCF-7 and 

Jurkat cells from 5 g/mL filipin and 50 g/mL nystatin (Figure A2). Figure 4.6 

illustrates that both inhibitors disrupt intracellular localisation of Cav-1, and an 

observable reduction in Cav-1 expression on plasma membrane is observed 

compared to control without inhibitor treatment. Our observations were similar to 

the previous study (Cardaba et al., 2008). This has confirmed that filipin and 

nystatin have a profound effect on disrupting caveolae localisation for 

investigation of caveolae-dependent cellular events. 

  



 184 

 

Figure 4.6. Caveolae-blocking agents, filipin and nystatin, reduce Cav-

1 localised on the plasma membrane in MCF-7 cells. Cells were either 

left (a) without inhibitor treatment or treated with (b) filipin (5 µg/ml), (c) 

nystatin (50 µg/ml) for 30 minutes. Cells were then fixed, permeabilised and 

stained with rabbit polyclonal Cav-1 antibody (1:500), followed by secondary 

staining with anti-rabbit FITC antibody (1:500) (green). Representative 

images from at least 3 independent experiments were acquired under Leica 

DMII Fluorescence microscope using 31.5X magnification. 

 

4.3.5 Caveolae-blocking agents significantly block CXCL12-induced CXCR4 

internalisation in Jurkat cells but mediate no significant effect on CCL3-

induced CCR5 internalisation in MCF-7 cells.  

 

Next, we examined the effects of cholesterol-depleting agents on chemokine-

induced receptor internalisation. Cells were pre-treated with filipin or nystatin for 

30 minutes, followed by stimulation with CCL3 or CXCL12 for another 30 minutes 

and incubated at 37C to allow receptor internalisation to take place. Staining of 

CCR5-specific or CXCR4-specific antibody was conducted for flow cytometry 
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analysis. The staining process was done at 4C to prevent receptor recycling that 

might affect our results. 

 

For Jurkat cells, Figures 4.7 demonstrates that CXCL12-induced CXCR4 

internalisation was significantly reduced in Jurkat cells treated with nystatin or 

filipin (Table 4.2). This implies that caveolae might potentially be involved in 

CXCR4 internalisation following CXCL12 stimulation in Jurkat cells. 

 

 

Figure 4.7. Caveolae-blocking agents significantly block CXCL12-

induced CXCR4 internalisation in Jurkat cells. Cells were pre-treated 

with filipin (5 µg/ml) or nystatin (50 µg/ml) or without inhibitor treatment for 

30 minutes, followed by stimulation with CXCL12 (50 nM) at 37 C for 

another 30 minutes to allow CXCR4 internalisation to take place. Cells were 

stained with mouse monoclonal CXCR4 antibody (4G10) (1:200) followed 

by secondary staining of anti-mouse Alexa 488 antibody (1:200). Only 

secondary anti-mouse Alexa 488 antibody (1:200) was added in negative 

control. Fluorescence intensity of 20,000 events from each sample were 

quantified in flow cytometry and cell population was gated to exclude dead 

cells and debris before analysis. (a) Representative scatter plot (FSC vs. 

SSC) indicates the gated cell population (indicated as P1) in the analysis. 

(b) Representative histogram showing unstained cells as negative control 



 186 

(in grey) and CXCR4-stained cells (in red). (c, d, e) Representative 

histograms showing the comparison of cells in the absence of chemokine 

stimulation (in red) and chemokine-stimulated cells (in green) under 

different conditions: (c) without inhibitor treatment, in the treatment of (d) 

nystatin and (e) filipin in respect to fluorescence intensity among the gated 

population (P1) of each cell sample. (f) Bar chart showing percentage of cell 

surface CXCR4 expression following CXCL12 stimulation in Jurkat cells 

treated with either nystatin (coloured in light grey) or filipin (coloured in dark 

grey) compared to control without inhibitor treatment (coloured in black). 

Percentage of cell surface CXCR4 expression following CXCL12 stimulation 

was calculated from (CXCL12-stimulated – negative control) / (unstimulated 

control – negative control) (%), where negative control was stained with 

secondary antibody. Fluorescence values are based on median channel of 

fluorescence in a gated population (P1) of cells from each sample and 

acquired by the CytExpert software (Beckman Coulter). Data shown 

represent the mean  SEM of at least 3 independent experiments. One-way 

ANOVA with a Dunnett’s multiple comparisons test as post-hoc test, *** = 

p≤ 0.001. 

 

For MCF-7 cells, as seen in Figure 4.8, compared to control without inhibitor 

treatment, there was a trend of reduced CCL3-induced CCR5 internalisation in 

MCF-7 cells treated with filipin or nystatin. However, the difference in percentage 

of CCR5 remaining on cell surface in filipin-treated or nystatin-treated MCF-7 

cells was not significant compared to MCF-7 cells without inhibitor treatment 

(Figure 4.8 and Table 4.2).  
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Figure 4.8. A trend of reduced CCL3-induced CCR5 internalisation in 

MCF-7 cells after the treatment of caveolae-blocking agents was 

observed, but it was not significant. Cells were pre-treated with filipin (5 

µg/ml) or nystatin (50 µg/ml) or without inhibitor treatment for 30 minutes, 

followed by stimulation with CCL3 (100 nM) at 37 C for another 30 minutes 

to allow CCR5 internalisation to take place. Cells were stained with rat 

CCR5 (HEK/1/85a/7a) antibody (1:100) followed by secondary staining of 

anti-rat Alexa 488 antibody (1:200). Only secondary anti-rat Alexa 488 

antibody (1:200) was added in negative control. Fluorescence intensity of 

20,000 events from each sample were quantified in flow cytometry and cell 

population was gated to exclude dead cells and debris before analysis. (a) 

Representative scatter plot (FSC vs. SSC) indicates the gated cell 

population (indicated as P1) in the analysis. (b) Representative histogram 

showing unstained cells as negative control (in grey) and CCR5-stained 

cells (in red). (c, d, e) Representative histograms showing the comparison 

of cells in the absence of chemokine stimulation (in red) and chemokine-

stimulated cells (in green) under different conditions: (c) without inhibitor 

treatment, in the treatment of (d) nystatin and (e) filipin in respect to 

fluorescence intensity among the gated population (P1) of each cell sample. 

(f) Bar chart showing percentage of cell surface CCR5 expression following 

CCL3 stimulation in MCF-7 cells treated with either nystatin (coloured in 

light grey) or filipin (coloured in dark grey) compared to control (coloured in 
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black) without inhibitor treatment. Percentage of cell surface CCR5 

expression following CCL3 stimulation was calculated from (CCL3-

stimulated – negative control) / (unstimulated control – negative control) 

(%), where negative control was stained with secondary antibody. 

Fluorescence values are based on median channel of fluorescence in a 

gated population (P1) of cells from each sample and acquired by the 

CytExpert software (Beckman Coulter). Data shown represent the mean  

SEM of at least 3 independent experiments. One-way ANOVA with a 

Dunnett’s multiple comparisons test as post-hoc test, n.s. = not significant. 

 

4.3.6 Caveolae-blocking agents induces increased CXCR4 internalisation in 

MCF-7 cells potentially due to non-specific effects. 

 

Interestingly, percentage of CXCR4 remaining on cell surface following CXCL12 

stimulation was significantly lower in MCF-7 cells treated with nystatin or filipin 

compared to control without inhibitor treatment (Figures 4.9 and Table 4.2). This 

indicates that filipin and nystatin induce increased CXCR4 internalisation in MCF-

7 cells. The observation might be caused by non-specific effects of the 

cholesterol-depleting agents (Bolard, 1986). Disruption of cholesterol and 

membrane integrity might potentially alter receptor conformation and ligand 

binding. As shown earlier, CXCL12 induces Cav-1 translocation towards the 

leading edge, potentially causing an accumulation of CXCR4 at the front of the 

cells near the plasma membrane. Together with the effects of the cholesterol-

depleting agents, CXCR4 receptors are more prone to translocate from the 

plasma membrane to the cytosol following CXCL12 stimulation. Hence, more 

CXCR4 receptors internalised was observed. As a result, non-specific effects of 

cholesterol-depleting agents potentially cause confusions by the synergistic 

effect promoting CXCR4 internalisation with the effect of CXCL12 stimulation. 
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Figure 4.9. Increased CXCL12-induced CXCR4 internalisation in MCF-

7 cells treated with caveolae-blocking agents was observed. Cells were 

pre-treated with filipin (5 µg/ml) or nystatin (50 µg/ml) or without inhibitor 

treatment for 30 minutes, followed by stimulation with CXCL12 (50 nM) at 

37 C for another 30 minutes to allow CXCR4 internalisation to take place. 

Cells were stained with mouse monoclonal CXCR4 antibody (4G10) (1:200) 

followed by secondary staining of anti-mouse Alexa 488 antibody (1:200). 

Only secondary anti-mouse Alexa 488 antibody (1:200) was added in 

negative control. Fluorescence intensity of 20,000 events from each sample 

were quantified in flow cytometry and cell population was gated to exclude 

dead cells and debris before analysis. (a) Representative scatter plot (FSC 

vs. SSC) indicates the gated cell population (indicated as P1) in the 

analysis. (b) Representative histogram showing unstained cells as negative 

control (in grey) and CXCR4-stained cells (in red). (c, d, e) Representative 

histograms showing the comparison of cells in the absence of chemokine 

stimulation (in red) and chemokine-stimulated cells (in green) under 

different conditions: (c) without inhibitor treatment, in the treatment of (d) 

nystatin and (e) filipin in respect to fluorescence intensity among the gated 

population (P1) of each cell sample. (f) Bar chart showing percentage of cell 

surface CXCR4 expression following CXCL12 stimulation in MCF-7 cells 

treated with either nystatin (coloured in light grey) or filipin (coloured in dark 

grey) compared to control (coloured in black) without inhibitor treatment. 

Percentage of cell surface CXCR4 expression following CXCL12 stimulation 



 190 

was calculated from (CXCL12-stimulated – negative control) / (unstimulated 

control – negative control) (%), where negative control was stained with 

secondary antibody. Fluorescence values are based on median channel of 

fluorescence in a gated population (P1) of cells from each sample and 

acquired by the CytExpert software (Beckman Coulter). Data shown 

represent the mean  SEM of at least 3 independent experiments. One-way 

ANOVA with a Dunnett’s multiple comparisons test as post-hoc test, ** = p≤ 

0.01; *** = p≤ 0.001. 

 

4.3.7 Negative control for clathrin inhibitor, Pitstop 2, causes non-specific 

effects on CXCR4 receptor endocytosis with significant increase in CXCR4 

internalisation following CXCL12 stimulation seen in MCF-7, but not 

significant in Jurkat cells.  

 

Chemokine receptors can also internalise independent of caveolae via clathrin-

mediated endocytosis, which regulates the cell surface expression levels of 

plasma membrane proteins through endocytic uptake (Brodsky et al., 2001). 

Assembly of clathrin-coated pits (CCPs) is initiated by receptor phosphorylation 

following activation by ligands. The process of receptor phosphorylation 

facilitates the recruitment of adaptor proteins, including -arrestins and AP-2 

(Hüttenrauch et al., 2002; Heilker et al., 1996). The CCPs have been proposed 

to serve as a scaffold for stabilising the adaptor proteins and recruiting other 

accessory factors that regulate endocytosis (Gaidarov et al., 1999). Through 

clathrin polymerisation together with the action of dynamin, CCPs are 

subsequently invaginated, leading to endocytosis (Liu et al., 2010). To 

summarise, clathrin is prerequisite for receptor internalisation in this endocytic 

pathway. 

 

In order to address the roles of clathrin in chemokine-induced receptor 

internalisation, we employed a clathrin inhibitor, Pitstop 2, which is known to block 

the interactions between the N-terminal domain of clathrin heavy chain and one 

of the associated accessory proteins, amphiphysin (Figure 4.10) (von Kleist et 

al., 2011). Pitstop 2 was shown to inhibit endocytosis of transferrin receptor, 

which is a cargo protein in clathrin-dependent endocytosis (von Kleist et al., 

2011), but not for shiga toxin, which is endocytosed independently of clathrin 



 191 

(Römer et al., 2010). Hence, Pitstop 2 could serve as an inhibitor targeting 

clathrin-dependent receptor internalisation in our study. 

 

 

Figure 4.10. Mode of action of clathrin inhibitor, Pitstop 2. Schematic 

diagram showing the interactions of Pitstop 2 with clathrin and the 

accessory proteins to block the assembly of clathrin-coated pit (CCP). 

(Image taken from von Kleist et al., 2011) 

 

In our study, we used Pitstop 2 together with the negative control for Pitstop 2 

(Pitstop 2 neg) as a reference for non-specific effects and possible interference 

with fluorescence readings from Pitstop 2 (Abcam). According to the information 

from the supplier (Abcam), Pitstop 2 is a selective, cell membrane permeable 

clathrin inhibitor that selectively inhibit clathrin-mediated endocytosis (von Kleist 

et al., 2011). Pitstop 2 neg has a highly related chemical structure as Pitstop 2 

but is unable to associate with the clathrin terminal domain, which does not 

interfere with receptor-mediated endocytosis (Abcam) (Figure 4.11). As the 

supplier (Abcam) suggested, 30 µM Pitstop 2 was used for complete inhibition of 

clathrin-mediated endocytosis. It has been confirmed that 30 µM Pitstop 2 has no 

toxicity in MCF-7 and Jurkat cells (Figure A3). Cells were incubated with Pitstop 

2 or Pitstop 2 neg for 5 minutes to minimise the non-specific effects, according to 

the supplier’s instruction (Abcam), followed by chemokine stimulation. After 

antibody staining, cells were fixed and washed before flow cytometry analysis. 
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Figure 4.11. Chemical structure of pitstop 2 and negative control for 

pitstop 2 (pitstop 2 neg). Pitstop 2 neg is the same chemical class as 

pitstop 2 with an inhibitory property of amphiphysin binding to clathrin (IC50 

> 100 M) but not receptor-mediated endocytosis (Abcam). (Images taken 

from Abcam) 

 

For CXCL12-induced CXCR4 internalisation in MCF-7 cells, quantitative flow 

cytometry analysis shows that significant decrease in CXCR4 on cell surface in 

post-stimulation of CXCL12 was observed in the treatment of pitstop 2 neg 

compared to control without inhibitor treatment (Figure 4.12 and Table 4.2). This 

indicates that pitstop 2 neg induces increased receptor internalisation in MCF-7 

cells. In the treatment of pitstop 2, reduced CXCR4 internalisation following 

CXCL12 stimulation was seen compared to pitstop 2 neg-treated cells, but no 

difference in the comparison with control without any inhibitor treatment was 

observed (Figure 4.12 and Table 4.2). 

 

  



 193 

 

Figure 4.12. Increased CXCR4 internalisation following CXCL12 

stimulation was observed in MCF-7 cells treated with negative control 

for pitstop 2 (pitstop 2 neg). Cells were treated with pitstop 2 (30 µM) or 

pitstop 2 neg (30 µM) or without inhibitor treatment for 5 minutes, followed 

by stimulation with CXCL12 (50 nM) at 37 C for another 30 minutes to allow 

CXCR4 internalisation to take place. Cells were stained with mouse 

monoclonal CXCR4 antibody (4G10) (1:200) followed by secondary staining 

of anti-mouse Alexa 488 antibody (1:200). Only secondary anti-mouse 

Alexa 488 antibody (1:200) was added in negative control. Fluorescence 

intensity of 20,000 events from each sample were quantified in flow 

cytometry and cell population was gated to exclude dead cells and debris 

before analysis. (a) Representative scatter plot (FSC vs. SSC) indicates the 

gated cell population (indicated as P1) in the analysis. (b) Representative 

histogram showing unstained cells as negative control (in grey) and 

CXCR4-stained cells (in red). (c, d, e) Representative histograms showing 

the comparison of cells in the absence of chemokine stimulation (in red) and 

chemokine-stimulated cells (in green) under different conditions: (c) without 

inhibitor treatment, in the treatment of (d) pitstop 2 neg and (e) pitstop 2 in 

respect to fluorescence intensity among the gated population (P1) of each 

cell sample. (f) Bar chart showing percentage of cell surface CXCR4 

expression following CXCL12 stimulation in MCF-7 cells treated with either 

pitstop 2 neg (coloured in light grey) or pitstop 2 (coloured in dark grey) 
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compared to control without inhibitor treatment (coloured in black). 

Percentage of cell surface CXCR4 expression following CXCL12 stimulation 

was calculated from (CXCL12-stimulated – negative control) / (unstimulated 

control – negative control) (%), where negative control was stained with 

secondary antibody. Fluorescence values are based on median channel of 

fluorescence in a gated population (P1) of cells from each sample and 

acquired by the CytExpert software (Beckman Coulter). Data shown 

represent the mean  SEM of at least 3 independent experiments. One-way 

ANOVA with a Dunnett’s multiple comparisons test as post-hoc test, * = p≤ 

0.05. 

 

In Jurkat cells, similar to MCF-7 cells, there was a trend in increased CXCR4 

internalisation following CXCL12 stimulation in the treatment of pitstop 2 neg 

compared to control without inhibitor treatment. CXCR4 internalistion was 

reduced by the treatment of pitstop 2. Yet, the difference in the percentage of 

CXCR4 expression on cell surface among the experimental interventions was not 

significant from statistical tests (Figure 4.13 and Table 4.2). Combining our 

observations in MCF-7 and Jurkat cells, pitstop 2 might potentially interfere with 

the observations of CXCR4 internalisation due to non-specific effects. Therefore, 

there is a need to include pitstop 2 neg as a reference control particularly in the 

study of CXCR4 internalisation, in order to eliminate the non-specific effects that 

might affect the accuracy of analysis caused by the inhibitor. 
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Figure 4.13. A trend of Increased CXCR4 internalisation following 

CXCL12 stimulation was observed in Jurkat cells treated with negative 

control for pitstop 2 (pitstop 2 neg). Cells were treated with pitstop 2 (30 

µM) or pitstop 2 neg (30 µM) or without inhibitor treatment for 5 minutes, 

followed by stimulation with CXCL12 (50 nM) at 37 C for another 30 

minutes to allow CXCR4 internalisation to take place. Cells were stained 

with mouse CXCR4 antibody (1:200) followed by secondary staining of anti-

mouse Alexa 488 antibody (1:200). Only secondary anti-mouse Alexa 488 

antibody (1:200) was added in negative control. Fluorescence intensity of 

20,000 events from each sample were quantified in flow cytometry and cell 

population was gated to exclude dead cells and debris before analysis. (a) 

Representative scatter plot (FSC vs. SSC) indicates the gated cell 

population (indicated as P1) in the analysis. (b) Representative histogram 

showing unstained cells as negative control (in grey) and CXCR4-stained 

cells (in red). (c, d, e) Representative histograms showing the comparison 

of cells in the absence of chemokine stimulation (in red) and chemokine-

stimulated cells (in green) under different conditions: (c) without inhibitor 

treatment, in the treatment of (d) pitstop 2 neg and (e) pitstop 2 in respect 

to fluorescence intensity among the gated population (P1) of each cell 

sample. (f) Bar chart showing percentage of cell surface CXCR4 expression 

following CXCL12 stimulation in Jurkat cells treated with either pitstop 2 neg 

(coloured in light grey) or pitstop 2 (coloured in dark grey) compared to 



 196 

control without inhibitor treatment (colour in black). Percentage of cell 

surface CXCR4 expression following CXCL12 stimulation was calculated 

from (CXCL12-stimulated – negative control) / (unstimulated control – 

negative control) (%), where negative control was stained with secondary 

antibody. Fluorescence values are based on median channel of 

fluorescence in a gated population (P1) of cells from each sample and 

acquired by the CytExpert software (Beckman Coulter). Data shown 

represent the mean  SEM of at least 3 independent experiments. One-way 

ANOVA with a Dunnett’s multiple comparisons test as post-hoc test, n.s. = 

not significant. 

 

4.3.8. Pitstop 2 has no inhibitory effect on CCL3-induced CCR5 

internalisation in MCF-7 cells.  

 

For CCL3-induced CCR5 internalisation in MCF-7 cells, there was no significant 

difference in cell surface CCR5 expression following CCL3 stimulation in the 

treatment of pitstop 2 or pitstop 2 neg compared to control without inhibitor 

treatment (Figure 4.14 and Table 4.2). This implies that CCL3-induced CCR5 

internalisation is not affected by the non-specific effects of pitstop 2 and 

potentially might not be dependent of clathrin.  
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Figure 4.14. No significant change in the level of CCL3-induced CCR5 

internalisation by the treatment of pitstop 2 or pitstop 2 neg was 

observed in MCF-7 cells. Cells were treated with pitstop 2 (30 µM) or 

pitstop 2 neg (30 µM) as control for 5 minutes, followed by stimulation with 

CCL3 (100 nM) at 37 C for another 30 minutes to allow CCR5 

internalisation to take place. Cells were stained with rat CCR5 antibody 

(1:100) followed by secondary staining of anti-rat Alexa 488 antibody 

(1:200). Only secondary anti-rat Alexa 488 antibody (1:200) was added in 

negative control. Fluorescence intensity of 20,000 events from each sample 

were quantified in flow cytometry and cell population was gated to exclude 

dead cells and debris before analysis. (a) Representative scatter plot (FSC 

vs. SSC) indicates the gated cell population (indicated as P1) in the 

analysis. (b) Representative histogram showing unstained cells as negative 

control (in grey) and CCR5-stained cells (in red). (c, d, e) Representative 

histograms showing the comparison of cells in the absence of chemokine 

stimulation (in red) and chemokine-stimulated cells (in green) under 

different conditions: (c) without inhibitor treatment, in the treatment of (d) 

pitstop 2 neg and (e) pitstop 2 in respect to fluorescence intensity among 

the gated population (P1) of each cell sample. (f) Bar chart showing 

percentage of cell surface CCR5 expression following CCL3 stimulation in 

MCF-7 cells treated with either pitstop 2 neg (coloured in light grey) or 

pitstop 2 (coloured in dark grey) compared to control without inhibitor 
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treatment (coloured in black). Percentage of cell surface CCR5 expression 

following CCL3 stimulation was calculated from (CCL3-stimulated – 

negative control) / (unstimulated control – negative control) (%), where 

negative control was stained with secondary antibody. Fluorescence values 

are based on median channel of fluorescence in a gated population (P1) of 

cells from each sample and acquired by the CytExpert software (Beckman 

Coulter). Data shown represent the mean  SEM of at least 3 independent 

experiments. One-way ANOVA with a Dunnett’s multiple comparisons test 

as post-hoc test, n.s. = not significant. 
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Table 4.2. Effect of caveolae-depleting agents and clathrin inhibitor on chemokine-induced receptor internalisation 

 

Cell line Chemokine Percentage of receptor expression on cell surface following chemokine 

stimulation for 30 minutes (%) ± SEM 

Control † Inhibitor ‡ 

Caveolae-depleting agents Clathrin inhibitor 

Nystatin 

(50 μg/mL) 

Filipin 

(5 μg/mL) 

Negative control 

for pitstop 2  

(30 μM) 

pitstop 2 

(30 μM)) 

MCF-7 CCL3 (100 nM) 65.8 ± 3.1 67.7 ± 0.9 68.7 ± 3.8 62.1 ± 1.5 61.8 ± 1.1 

CXCL12 (50 nM) 75.4 ± 2.2 47.9 ± 5.3 32.6 ± 2.5 58.2 ± 1.9 74.2 ± 4.7 

Jurkat CXCL12 (50 nM) 50.1 ± 3.4 96.1 ± 4.8 116.9 ± 4.6 42.8 ± 2.3 47.6 ± 6.3 

*Percentage of receptor expression on cell surface following chemokine stimulation = [median channel of fluorescence (chemokine-

stimulated) - median channel of fluorescence (negative control)] / [median channel of fluorescence (without chemokine stimulation) - 

median channel of fluorescence (negative control)] (%), where negative control was stained with secondary antibody matched to the host 

species and class of the primary antibody only. 

† Relative to control without chemokine stimulation nor inhibitor treatment 

‡ Relative to inhibitor-treated control without chemokine stimulation 
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4.3.9. Dynamin-2 (Dyn-2) translocate towards the cytosol with increased 

expression level following CCL3 or CXCL12 stimulation in MCF-7 cells 

 

Dynamin-2 (Dyn-2) GTPase is a critical adaptor protein for membrane 

detachment of caveolae and clathrin-coated pits triggering receptor endocytosis 

(Nichols and Lippincott-Schwartz, 2001; Liu et al., 2010). As Dyn-2 play a 

common role in both caveolae-dependent and clathrin-dependent endocytic 

pathways, similar observations in terms of Dyn-2 translocation would be expected 

in both pathways. 

 

Although no definite conclusion on the CCR5 and CXCR4 endocytic pathways in 

MCF-7 could be drawn from our results in previous sections, both CCR5 and 

CXCR4 receptors have been shown to internalise following the stimulation of 

CCL3 and CXCL12 respectively (Figures 3.17-3.20, Table 3.2) shown in Chapter 

3. Hence, we hypothesised that Dyn-2 is involved in internalisation of both 

receptors in MCF-7 cells regardless of which endocytic pathways adopted. Using 

immunofluorescence staining with antibody specific to Dyn-2, we visualised the 

localisation of Dyn-2 in MCF-7 cells following CCL3 or CXCL12 stimulation 

associated with CCR5 and CXCR4 internalisation respectively.  

 

In Figure 4.15, the expression of Dyn-2 is dispersed within the periphery of the 

cells under basal conditions. Accumulation of Dyn-2 expression towards the 

cytosol within the cells was observed following the stimulation of CCL3 and 

CXCL12 respectively and the effects were more significant in CXCL12-stimulated 

cells. This implies that Dyn-2 plays a role in CCL3-induced CCR5 internalisation 

and CXCL12-induced CXCR4 internalisation. The observations of Dyn-2 

translocation intracellularly are consistent with the evidence proposed previously 

by Nichols and Lippincott-Schwartz, 2001, showing that Dyn-2 is recruited to the 

intracellular side of the plasma membrane and aids the dissociation of receptor-

associated membrane invaginations during receptor endocytosis. 
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Figure 4.15. Effects of chemokine stimulation on dynamin-2 (Dyn-2) 

expression in MCF-7 cells. MCF-7 cells were stimulated with (c) CCL3 

(100 nM) and (d) CXCL12 (50 nM) for 30 minutes or (b) absence of 

chemokine as a basal control for 30 minutes. (a) Cells only treated with 

secondary antibody as a background control. Cells were then fixed, 

permeabilised and stained with mouse Dyn-2 antibody (1:500), followed by 

secondary staining with anti-mouse Alexa 488 antibody (1:500) (green). 

Representative images from at least 3 independent experiments were 

acquired with a Leica DMII Fluorescence microscope using 31.5X 

magnification. 
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4.3.10. Arrestin-2 (Arr-2) constructs translocate out of the nucleus in 

response to CCL3 stimulation, whereas arrestin-3 constructs translocate 

towards the nucleus in response to CXCL12 stimulation in MCF-7 cells. 

 

-arrestins have been known to play an important role not only in receptor 

desensitisation through clathrin-mediated endocytic pathway, but also 

transduction of G protein-independent pathway. Two major isoforms of -

arrestins, -arrestin 1 (also known as arrestin-2) and -arrestin 2 (also known as 

arrestin-3) have been discovered to have differences in functionality and 

localisation within cells despite a high degree of similarity in homology (Ferguson, 

2001; Kang et al., 2015). 

 

In receptor endocytosis, both isoforms of -arrestins have been shown to interact 

with the adaptor proteins, AP-2 and clathrin in clathrin-coated pits and target 

activated GPCRs for clathrin-mediated endocytosis (Brodsky et al., 2001). 

 

In G protein-independent chemokine signalling, accumulating evidence of biased 

signalling have been shown to be -arrestins isoform-specific. For example, 

CCL2 activates CCR8 through biased signalling towards arrestin-3 over arrestin-

2 (Berchiche et al., 2011). Also, isoform-specific -arrestins have been revealed 

to be regulated by differential GRKs, resulting in different signalling outcomes. 

For example, GRK2 interacts with arrestin-3 to negatively modulate Ca2+ 

mobilisation and ERK1/2 activation, whereas GRK3 recruits arrestin-2 to 

positively regulate ERK1/2 (Busillo et al., 2010). 

 

In respect to differential distribution of -arrestins, arrestin-2 is constitutively 

expressed throughout the cells, including the cytoplasm and nucleus, whereas 

arrestin-3 is only found in the cytoplasm (Ferguson, 2001). Despite the exclusive 

cytoplasmic expression of arrestin-3, it was proposed to undergo constitutive 

nucleocytoplasmic shuttling that redirect GPCR-activated JNK3 from the nucleus 

to cytoplasm for transcription regulation (Scott et al., 2002). 

 

Previous studies using HeLa cells and HEK-293 cells as experimental models 

demonstrated that arrestin-2 constructs were evenly distributed throughout the 

cytoplasm and nucleus, whereas arrestin-3 constructs expressed in the 
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cytoplasm exclusively (Ferguson, 2001; Scott et al., 2002). To investigate 

whether the localisation of -arrestins is dependent of cell types, we 

overexpressed MCF-7 cells with plasmid DNA for EGFP-tagged arrestin-2 (Arr-

2), arrestin-3 (Arr-3) and arrestin-2 mutant (Arr Mut) (Arrestin 2-V53D) 

respectively. Arr Mut is the mutant form of arrestin-2 with a point mutation of 

residues valine (Val) to aspartic acid (Asp) introduced. The plasmid DNA was 

produced from a HindIII/Apal-digested pEGFP-N1 plasmid vector ligated with a 

validated mammalian Arr2/Arr3/ArrMut ORF insert.  

 

In MCF-7 cells, Arr-2 constructs appeared to be distributed throughout the cells 

under basal conditions (Figure 4.16). In the stimulation of CCL3, a visible 

movement of Arr-2 out of the nucleus with defined spots accumulating on the 

plasma membrane was observed. On the other hand, no observable change in 

Arr-2 localisation was seen in the stimulation of CXCL12 (Figure 4.16). 
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Figure 4.16. Arrestin 2 (Arr-2) constructs translocate out of the nucleus 

and accumulate on the plasma membrane in CCL3-stimulated MCF-7 

cells, whereas no observable change was observed following CXCL12 

stimulation. Micrographs of MCF-7 monolayers chemically transfected for 

24 hours using 2 μg plasmids DNA coding for pArr2.EGFP (green) and then 

stimulated with CCL3 (100 nM) or CXCL12 (50 nM) for 30 minutes. Cells 

were fixed with 4% paraformaldehyde before image acquisition. 

Representative images from at least 3 independent experiments were 

acquired with a Leica DMII Fluorescence microscope using 20X 

magnification. 

 

Figure 4.17 illustrates that Arr-3 constructs were present within the cytoplasm, 

excluded from the nucleus under basal conditions. No observable change in Arr-

3 localisation was seen in the stimulation of CCL3. However, in the stimulation of 

CXCL12, Arr-3 appeared to accumulate towards the nucleus (Figure 4.17). 
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Figure 4.17. Arrestin 3 (Arr-3) constructs translocate towards the 

nucleus following CXCL12 stimulation in MCF-7 cells, but no 

observable change was observed in CCL3 stimulation. Micrographs of 

MCF-7 monolayers chemically transfected for 24 hours using 2 μg plasmids 

DNA coding for pArr3.EGFP (green) and then stimulated with CCL3 (100 

nM) or CXCL12 (50 nM) for 30 minutes. Cells were fixed with 4% 

paraformaldehyde before image acquisition. Representative images from at 

least 3 independent experiments were acquired with a Leica DMII 

Fluorescence microscope using 20X magnification. 

 

In Figure 4.18, Arr Mut constructs distribute throughout the cells and more 

expression seemed to accumulate within the nucleus under basal conditions. 

There was no observable redistribution of Arr Mut seen in MCF-7 cells in 

response to CCL3 and CXCL12 stimulation respectively. The expression of Arr 

Mut remained to be high particularly within the nucleus (Figure 4.18). Together 

with the observations above (Figure 4.16), this implies that point mutation of the 
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key residues of Arr-2 blocks translocation of Arr-2 in response to CCL3 

stimulation. 

 

Figure 4.18. Mutant for Arr-2 (Arr Mut) constructs mainly accumulate 

within the nucleus and no observable change in localisation in the 

stimulation of CCL3 or CXCL12. Micrographs of MCF-7 monolayers 

chemically transfected for 24 hours using 2 μg plasmids DNA coding for 

pArrMut.EGFP (green) and then stimulated with CCL3 (100 nM) or CXCL12 

(50 nM) for 30 minutes. Cells were fixed with 4% paraformaldehyde before 

image acquisition. Representative images from at least 3 independent 

experiments were acquired with a Leica DMII Fluorescence microscope 

using 20X magnification. 

 

4.3.11. Dynamin inhibitors, Dynasore and Dyngo-4a, have no effect on 

CCL3-induced Arr-2 translocation but abolish CXCL12-induced Arr-3 

translocation in MCF-7 cells.  

 

In the process of clathrin-dependent receptor endocytosis, -arrestins and 

clathrin are recruited to the phosphorylated receptor to form clathrin-coated pit 
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(CCP) associated with the receptor, followed by dissociation of the CCP from the 

membrane by the action of dynamin (Robinson, 2015). Hence, we hypothesised 

that blocking the action of dynamin would thereby inhibit receptor endocytosis as 

reflected by the localisation of -arrestins involved. 

 

In our study, we used two dynamin inhibitors, Dynasore and Dyngo-4a, to 

examine the effects of dynamin on -arrestins translocation in chemokine-

induced receptor endocytosis. Although both chemical structures are similar that 

target dynamin (Figure 4.19), Dyngo-4a is more potent and its mode of action is 

more specific (Table 2.3). Dyngo-4a is an allosteric inhibitor targeting the G 

domain of dynamin and its inhibitory effect is selective to dynamin 1 (McCluskey 

et al., 2013). Dynasore is a non-competitive inhibitor that is non-selective to any 

isoforms of dynamin (Macia et al., 2006). Our group has previously used both 

Dynasore and Dyngo-4a at the assay concentration of 80 M to determine the 

function of dynamin in chemokine-induced cell migration in THP-1 and Jurkat 

cells (Jacques et al., 2015). We have tested that 80 M Dynasore and Dyngo-4a 

has no cytotoxicity in MCF-7 cells in 7 hours incubation time (Figure A4), which 

is within the incubation required in our assay. 

 

 

Figure 4.19. Chemical structures of dynamin inhibitors, Dynasore and 

Dyngo 4a, used in our study. A: Dynasore; B: Dyngo 4a, which has been 

proven to be more potent with reduced cytotoxicity, non-specific binding and 

detergent binding, and selective to dynamin 1 specifically, conferred by 

changes in the position and number of hydroxyl substituents (McCluskey et 

al., 2013) (Images taken from Macia et al., 2006; McCluskey et al., 2013). 

 

In Figure 4.20, under basal conditions, there was no observable change in the 

distribution of Arr-2 in MCF-7 cells treated with Dyngo-4a, whereas Arr-2 seems 

to distribute less evenly with a cluster in the cytoplasm in the treatment of 
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Dynasore. As shown above, following CCL3 stimulation, Arr-2 was observed to 

translocate towards the plasma membrane (Figure 4.16). Similar effects with 

clusters of Arr-2 accumulating within the plasma membrane were observed in the 

pre-treatment of Dyngo-4a or Dynasore in the stimulation of CCL3. This implies 

that dynamin inhibitors do not block Arr-2 translocation towards the plasma 

membrane. In the stimulation of CXCL12, no observable change in Arr-2 

distribution was seen in MCF-7 cells treated with both dynamin inhibitors, in 

comparison with the control in the absence of chemokine stimulation. 
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Figure 4.20. Dynamin inhibitors, Dyngo-4a and Dynasore, had no effect 

on Arr-2 distribution in MCF-7 cells, particularly no inhibition was seen 

on CCL3-induced Arr-2 translocation. Micrographs of MCF-7 monolayers 

chemically transfected for 24 hours using 2 μg plasmids DNA coding for 

pArr2.EGFP (green). Transfected cells were pre-treated with (a) Dyngo-4a 

(80 M) or (b) Dynasore (80 M) for 30 minutes, followed by stimulation of 

CCL3 (100 nM) and CXCL12 (50 nM) respectively for 30 minutes or 

absence of chemokine as a basal control for 30 minutes. Cells were then 

fixed and imaged. Representative images from at least 3 independent 

experiments were acquired with a Leica DMII Fluorescence microscope 

using 20X magnification. 

 

Under basal conditions, Arr-3 constructs were expressed evenly within the 

cytoplasm, except the nucleus in MCF-7 cells pre-treated with Dyngo-4a (Figure 
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4.21). The observation is the same as seen in cells without inhibitor treatment. 

However, in Dynasore-treated cells, Arr-3 was also found in the nucleus with a 

few bright spots seen near the nucleus. Following CCL3 stimulation, compared 

to the basal control, no obvious difference in Arr-3 distribution was observed in 

cells treated with both dynamin inhibitors (Figure 4.21). Comparing Figure 4.20 

with Figure 4.17, dynamin inhibitors abolished translocation of Arr-3 constructs 

towards the nucleus mediated by CXCL12. This implies that dynamin inhibitors 

potentially block Arr-3 translocation to the nucleus mediated by CXCL12.  
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Figure 4.21. CXCL12-induced Arr-3 translocation was abolished by the 

treatment of Dyngo-4a or Dynasore in MCF-7 cells, while no effect was 

observed under basal condition and in the stimulation of CCL3. 

Micrographs of MCF-7 monolayers chemically transfected for 24 hours 

using 2 μg plasmids DNA coding for pArr3.EGFP (green). Transfected cells 

were pre-treated with (a) Dyngo-4a (80 M) or (b) Dynasore (80 M) for 30 

minutes, followed by stimulation of CCL3 (100 nM) and CXCL12 (50 nM) 

respectively for 30 minutes or absence of chemokine as a basal control for 

30 minutes. Cells were then fixed and imaged. Representative images from 

at least 3 independent experiments were acquired with a Leica DMII 

Fluorescence microscope using 20X magnification. 

 

In Arr Mut-transfected MCF-7 cells, after the treatment of both dynamin inhibitors, 

no observable difference in localisation of Arr-Mut constructs was seen between 
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basal control and chemokine-stimulated cell samples (Figure 4.22). As shown in 

Figure 4.18, Arr Mut-transfected cells failed to respond to CCL3 and CXCL12 

stimulation. Therefore, it is expected that dynamin inhibitor treatment would not 

affect the distribution of Arr Mut following chemokine stimulation. 

 

 

Figure 4.22. Dyngo-4a or Dynasore had no effect on the distribution of 

Arr Mut under basal conditions and in the stimulation of CCL3 or 

CXCL12. Micrographs of MCF-7 monolayers chemically transfected for 24 

hours using 2 μg plasmids DNA coding for the mutant form of pArr2.EGFP 

(green). Transfected cells were pre-treated with (a) Dyngo-4a (80 M) or (b) 

Dynasore (80 M) for 30 minutes, followed by stimulation of CCL3 (100 nM) 

and CXCL12 (50 nM) respectively for 30 minutes or absence of chemokine 

as a basal control for 30 minutes. Cells were then fixed and imaged. 

Representative images from at least 3 independent experiments were 
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acquired with a Leica DMII Fluorescence microscope using 20X 

magnification. 

4.4 Discussion 

Through flow cytometry analysis, breast cancer MCF-7 and leukaemic Jurkat 

cells were confirmed to express Cav-1 at detectable levels. In terms of 

localisation of Cav-1 within cells, immunofluorescence staining illustrates that 

majority of Cav-1 proteins scatter along the periphery of MCF-7 cells under basal 

conditions. Upon CXCL12 stimulation, Cav-1 proteins were observed to 

translocate towards the leading edge of cells. However, Cav-1 protein remains 

scattered along the edge of the cells following CCL3 stimulation. Our 

observations are consistent with a previous study demonstrating that membrane 

rafts translocate towards the cell leading edge induced by IGF-I in the same cell 

line, MCF-7. It was proposed that acquisition of cell polarity in migrating cells is 

determined by localisation of membrane rafts at the front (Mañes et al., 1999). 

This implies that membrane rafts are potentially involved in cell migration serving 

as a scaffold to redistribute receptors or signalling proteins at the leading edge 

within cells, leading to chemotaxis. Future work can be done to investigate 

whether membrane rafts are involved in CXCL12-induced chemotaxis in MCF-7 

cells to confirm the hypothesis. 

 

In relation to change in Cav-1 expression levels within the cells, stimulation with 

CCL3 or CXCL12 does not lead to a significant change in Cav-1 expression levels 

in both cell lines, however, a trend of increased expression of Cav-1 was 

observed following CXCL12 stimulation. This was implicated by increased 

brightness from the cell leading edge due to accumulation of fluorescence-tagged 

Cav-1. From our experiments using a protein synthesis inhibitor, cycloheximide, 

it was confirmed that this trend in increased Cav-1 expression is not caused by 

chemokine-induced protein synthesis.   

 

With respect to the functional roles of caveolae in chemokine-induced receptor 

internalisation, our results showed that Cav-1 may play a role in CXCL12-induced 

CXCR4 internalisation in Jurkat cells. For MCF-7 cells, there was a trend of 

reduced CCL3-induced CCR5 internalisation by the two cholesterol-depleting 

agents, filipin and nystatin, however, the inhibitory effects were not significant. 

Whether caveolae are involved in CXCR4 internalisation in MCF-7 cells is 
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inconclusive due to non-specific effects of the cholesterol-depleting agents 

observed. As mentioned previously, the effects of membrane cholesterol 

disruption by the cholesterol-depleting agents potentially alter receptor 

conformation and ligand binding, and consequently receptor internalisation could 

be affected (Bolard, 1986). Thus, caution should be taken before the conclusion 

is drawn. Further investigations need to be conducted to confirm our findings on 

the involvement of caveolae in chemokine-induce receptor internalisation, for 

example, using RNA interference to knock down endogenous Cav-1  (Ge and 

Pachter, 2004). 

 

On the other hand, in the investigation of clathrin-dependent receptor 

internalisation pathway, pitstop 2 was used to inhibit clathrin-dependent receptor 

endocytosis. Our findings revealed that clathrin is not involved in CCL3-induced 

CCR5 internalisation in MCF-7 cells. However, pitstop 2 was found to potentially 

interfere with CXCR4 internalisation with a trend of increased CXCR4 

internalisation observed in both Jurkat and MCF-7 cells treated with the negative 

control for pitstop 2 (pitstop 2 neg) provided by the supplier (Abcam). Hence, 

whether CXCR4 internalisation is dependent of clathrin in MCF-7 and Jurkat cells 

is inconclusive from our results. Our observations imply that pitstop 2 may not be 

an ideal inhibitor targeting clathrin-dependent receptor endocytosis specifically 

for CXCR4. 

 

Aside from pitstop 2, there are other options of inhibitors commonly used for 

blocking clathrin-dependent endocytosis in different modes of action. Monensin 

dissipates a proton gradient during endocytosis (Dickson et al., 1982), 

hyperosmotic surcrose prevents from interactions between clathrin and adaptor 

proteins (Hansen et al., 1993), hydrophobic amines affect clathrin (Wang et al., 

1993) and clathrin-coated vesicles and cell-permeable Dynasore inhibits dynamin 

GTPases activity in the formation of clathrin-coated pits (Nankoe and Sever, 

2006). Yet, these inhibitor treatments are not specific to clathrin-dependent 

pathway as the inhibitors do not selectively target proteins involved in the 

pathway. Apart from using clathrin inhibitors, recent studies employed small 

interfering RNA (siRNA) interference of key components of proteins critical for 

clathrin-dependent endocytosis, such as clathrin heavy chain, subunits of the 

AP2 and dynamin 2 (Motley et al., 2003) (Loerke et al., 2009). However, these 
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methods might not apply to every cell line as the success rate of transfection is 

low in some cell lines. Also, the whole process takes time and potentially lead to 

indirect effects that affect our result interpretation. 

 

To briefly summarise, our results showed that CXCL12-induced CXCR4 

internalisation in Jurkat cells is caveolae-dependent, whereas CCL3-induced 

CCR5 internalisation in MCF-7 cells is not dependent of clathrin (Table 4.3). 

Whether CCR5 is internalised via caveolae-dependent pathway needs to be 

confirmed by other approaches as mentioned above. Also, further investigations 

on CXCR4 internalisation in MCF-7 cells should be done due to non-specific 

effects of the inhibitors used in our study.  

 

Particularly, CCR5 internalisation has extensively investigated by previous 

studies. Studies from our group using the same experimental approach revealed 

that CCL3-induced CCR5 internalisation in Chinese Hamster Ovary (CHO) cells 

transfected with pcDNA3 encoding CCR5 (CHO.CCR5) is caveolae-dependent 

(Mueller et al., 2002; Cardaba et al., 2008). Another study demonstrated that 

caveolae is involved in CCR5 internalisation following CCL5 stimulation for HeLa 

cells transfected with CCR5 (Venkatesan et al., 2003). Yet, a controversial finding 

from another literature showed that CCL5-induced CCR5 internalisation is 

clathrin-dependent instead (Signoret et al., 2005). However, different cell lines 

and experimental approaches were used in that study.  

 

The controversial findings imply that several factors might affect the effects of 

caveolae or clathrin observed in receptor internalisation, including cell types, 

ligand types and concentrations, experimental approaches and receptor 

expression in cells. First, different cell types might utilise caveolae for chemokine 

receptor internalisation in different ways. It is noteworthy that the dependency of 

caveolae for ligand binding and signalling does not reflect the necessity of 

caveolae in chemokine receptor internalisation for some cell types. For example, 

in MCF-7 cells, caveolae might be necessary for CXCL12-induced chemotaxis  

but less significant in CXCL12-induced CXCR4 internalisation (Mañes et al., 

1999). Secondly, different ligands used might generate different results on 

receptor internalisation. For example, in the investigation of CCR5 internalisation 

in CHO cells, Mueller et al., 2002 used CCL3 while Kraft et al., 2001 used CCL5 
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for stimulation. Although both ligands can activate CCR5 due to the feature of 

redundancy in chemokine signalling, different receptor endocytic pathways might 

be elicited by different ligands possibly because of biased signalling. In addition, 

different concentrations of the ligands used might exert different effects on 

signalling proteins involved in receptor internalisation. A study using 50 nM CCL5 

proposed that -arrestins are dispensable for CCR5 internalisation (Kraft et al., 

2001), whereas another study using 200 nM CCL5 reported that CCR5 is 

internalised in caveolae-dependent pathway (Venkatesan et al., 2003). Another 

critical factor affecting the experimental results is the diversity of experimental 

approaches across studies. In the receptor internalisation assay, the duration of 

inhibitor treatment or ligand stimulation vary across different studies. The 

incubation time might not be optimal for receptor internalisation. Also, the 

detection methods utilised might influence the results. Some studies utilised 

radiolabelling to measure the uptake of the radiolabelled chemokine (Kraft et al., 

2001), whereas studies using fluorescence-based antibodies specific to 

chemokine receptor measure reduction of fluorescence-tagged cell surface 

chemokine receptors as an indicator of receptor internalisation  (Mueller et al., 

2002). Furthermore, some cell lines exogenously expressing chemokine 

receptors are commonly used in the investigation of chemokine receptor 

trafficking. Yet, transfection of receptors may bypass normal regulation of 

expression levels, leading to artefacts of overexpressed receptors (Bernhem et 

al., 2018). These experimental models might not accurately represent the same 

receptor naturally expressed in other cell lines. This could account for 

controversial findings relating to cell surface receptor expression. 

 

In the involvement of adaptor proteins in receptor endocytosis, dynamin plays a 

critical role in detachment of membrane invaginations in both clathrin-mediated 

and caveolae-dependent receptor endocytosis (Nichols and Lippincott-Schwartz, 

2001; Liu et al., 2010). Dynamin constitutes multiple domains, including a 

GTPase domain at the N terminus, a middle domain (MD), a pleckstrin homology 

(PH) domain, a GTPase effector domain (GED) and a prolinerich domain at the 

C terminus important for the interaction with other proteins containing SH3 

domains (Faelber et al., 2011) (Figure 4.27). To date, there are three isoforms of 

dynamin: dynamin 1 (Dyn-1), which is brain-specific (Ferguson et al., 2007), 

dynamin 2 (Dyn-2), which is ubiquitously expressed in all cell types (Cook et al., 



 217 

1994) (Durieux et al., 2010), and dynamin 3 (Dyn-3) important for postsynaptic 

endocytosis (Lu et al., 2007). Particularly for Dyn-2, mutations are commonly 

found in the MD, PH and GED domains linked to the development of human 

diseases (Durieux et al., 2010).  

 

 

Figure 4.23. Structure of dynamin. Schematic diagram illustrating the 

multidomain structure of dynamin, constituting a GTPase domain, a middle 

domain, a pleckstrin homology (PH) domain, a GTPase effector domain 

(GED) and a prolinerich domain (PRD). BSE: bundle signalling element. 

(Image taken from Faelber et al., 2011) 

 

By investigating the effects on dynamin GTPases in the process of chemokine-

induced receptor internalisation, our findings revealed that Dyn-2 translocate 

from the periphery of the cells to the intracellular side of plasma membrane 

following CCL3 or CXCL12 stimulation. More significant change in localisation of 

Dyn-2 was seen in CXCL12 stimulation. This implies that more Dyn-2 is recruited 

to the membrane invaginations to aid the membrane detachment for receptor 

endocytosis during CXCL12-induced CXCR4 internalisation. In addition, previous 

literature reported that Dyn-2 is not the only adaptor protein involved in caveolae 

detachment. Other proteins, for example EHD2, are also found to localise at the 

neck of caveolae invaginations to pinch off the caveolae pit in the process of 

endocytosis (Morén et al., 2012). This could elucidate the relative less significant 

effect on Dyn-2 translocation seen in the stimulation of CCL3 that potentially 

mediate caveolae-dependent receptor internalisation. Yet, further investigation is 

needed to confirm the underlying mechanism. Furthermore, previous work done 

by our group showed that dynamin is involved in CCL3-induced chemotaxis but 

not in CXCL12-induced chemotaxis (Jacques et al., 2015). It is also noteworthy 

that the effect of dynamin on chemotaxis is independent of active receptor 

internalisation (Jacques et al., 2015). This further suggests that dynamin exhibits 

specific functionality for different chemokine receptor through specific signalling 

pathways. 
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Apart from dynamin, -arrestins are well-known to be involved specifically in the 

formation of clathin-coated pit (CCP) in receptor endocytosis. The three isoforms 

of -arrestins have been reported to exhibit differences in functionality and 

localisation in cells (Ferguson, 2001; Kang et al., 2015). By overexpressing 

isoform-specific -arrestin constructs in MCF-7 cells, our results have confirmed 

that arrestin-2 (also known as -arrestin 1) distribute throughout the cells 

including the nucleus, whereas arrestin-3 (also known as -arrestin 2) express in 

the cytoplasm only. Our observations in MCF-7 cells were consistent with other 

studies using other cell lines. This has proven that the distribution of -arrestins 

is similar in different cell types under basal conditions.  

 

With respect to the effect of chemokine stimulation on -arrestin translocation, 

our finding demonstrated that different isoforms of -arrestins have different 

responses to different chemokine ligands in MCF-7 cells. Following CCL3 

stimulation, Arr-2 was observed to translocate to the plasma membrane, whereas 

no change in localisation was seen for Arr-3. Together with our findings showing 

that CCL3-induced CCR5 internalisation is not clathrin-dependent, this implies 

that the recruitment of Arr-2 to phosphorylated CCR5 possibly leading to G 

protein-independent signalling following CCL3 stimulation, instead of clathrin-

dependent receptor internalisation. On the other hand, Arr-3 was observed to 

translocate towards the nucleus, but no translocation of Arr-2 was observed 

following CXCL12 stimulation. This implies that Arr-3 potentially is internalised 

together with CXCR4 through clathrin-dependent receptor internalisation 

pathway following CXCL12 stimulation. Also, the translocation of Arr-3 is 

associated with dynamin, which was confirmed by the intervention of dynamin 

inhibitor treatment that abolished the change in localisation of Arr-3 in MCF-7 

cells. Again detailed studies should be conducted to confirm whether CXCL12-

induced CXCR4 is clathrin-dependent. Also, our finding confirmed that point 

mutation introduced in Arr-2 construct disrupts the distribution of Arr-2 under 

basal condition and completely blocks CCL3-mediated Arr-2 translocation in 

MCF-7 cells. Further investigations are required to confirm the exact roles of Arr-

2 and Arr-3 in response to CCL3 and CXCL12 stimulation respectively. 
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In our study, we used dynamin inhibitors to confirm the involvement of different 

isoforms of -arrestins on clathrin-dependent receptor endocytosis. The 

advantage of using small molecule dynamin inhibitors over dynamin knockdown 

using siRNA is that the blocking effect is rapid and reversible. Small molecule 

inhibitors are useful tools to observe immediate cellular responses and dynamics 

of intracellular proteins upon the addition of stimulants. Yet, small molecule 

inhibitors are subject to potential limitations, such as cytotoxicity, non-specific 

effects and poor cell permeability. Although we have eliminated the cytotoxic 

effects of the inhibitors (Figure A4), some non-specific effects from Dynasore in 

our experiments were observed. A slight change in Arr-2 and Arr-3 distribution 

was seen under basal conditions in Dynasore-treated cells, which might not be 

beneficial for long-term exposure studies. In many studies, detergents are 

routinely used to minimise the non-specific effects of dynamin inhibitors. 

Inhibitors prone to the formation of aggregates, like Dynasore, might potentially 

adsorb onto the surface of other proteins or incorporate other proteins within 

them, leading to promiscuous inhibition other than target proteins (Ryan et al., 

2003). However, caution should be taken when using Dynasore. A study reported 

that Dynasore binds stoichiometrically to detergents, leading to a significant 

reduction in potency. Yet, the improved design of Dyngo-4a has been proven to 

effectively minimise detergent binding. Thus, it is suggested to use Dyngo-4a in 

the study of dynamin in receptor endocytosis if addition of detergent is required 

in the experimental setting for minimising non-specific effects. 

 

Our findings provide a brief insight into cell-specific and ligand-specific roles of 

clathrin and caveolae in chemokine-induced receptor internalisation, as well as 

isoform-specific functions of -arrestins and dynamin. However, further 

experiments on visualising receptor uptake and trafficking needs to be conducted 

to confirm our findings and understand the underlying mechanisms in more depth. 

Human transferrin receptor (hTf-R) is a commonly used marker for the clathrin-

mediated endocytosis (Signoret et al., 2005). By overexpressing the hTf-R in 

cells, the uptake of fluorescent transferrin can be visualised. If the internalisation 

of ligand-activated fluorescent-labelled receptor and uptake of fluorescent 

transferrin is observed simultaneously, it indicates that receptor internalisation is 

dependent of clathrin (Signoret et al., 2005). 
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In the past, most studies investigating caveolae-dependent endocytosis used 

cholera toxin and simian virus 40 as standard cargos (Tagawa et al., 2005). 

However, these cargos are not specifically internalised by caveolae. Unlike 

clathrin-mediated endocytosis, there is no caveolae-specific marker or cargo 

identified so far (Parton et al., 2020a). Thus, it has been challenging to monitor 

the process of caveolae-dependent endocytosis. Another common approach is 

overexpression of caveolar proteins, such as caveolin and cavin (Liu and Pilch, 

2016; McMahon et al., 2019) Yet, the trafficking of the overexpressed caveolar 

protein observed could not generally be dictated by caveolae endocytosis. The 

mobilisation of the overexpressed proteins could also indicate translocation of 

intracellular caveolin and cavin, which are not associated with caveolae (Pol et 

al., 2020). In addition, a recent study has been conducted to assay caveolae 

dynamics by comparing caveolin overexpressed cells with genome-edited 

caveolin cell lines (Shvets et al., 2015). It was found that caveolin overexpression 

is more likely to result in accumulation of caveolin in late endosomes, whereas 

most caveolin proteins localised at the plasma membrane were observed in 

genome-edited caveolae cell lines (Shvets et al., 2015). Due to the artifacts from 

the approach of caveolae overexpression, the mechanisms proposed by those 

studies should be evaluated and re-visited with care. 

 

In the advances of imaging techniques, emerging studies use dual colour total 

internal reflection fluorescence microscopy (TIR-FM) to visualise the spatial and 

temporal organisation of multiple components in clathrin-dependent receptor 

endocytosis (Taylor et al., 2011). A cohort of endocytic proteins recruited at 

different stages of the scission event can also be quantified using cluster analysis 

of protein recruitment signatures. Same for the investigation on clathrin-

dependent endocytic pathway, TIR-FM is also commonly used to visualise 

caveolae trafficking (Senju and Suetsugu, 2020). However, since the resolution 

of TIR-FM is limited to 200 nm of the plasma membrane, deeper caveolar events 

might not be visualised (Matthaeus and Taraska, 2021). The resolution issues 

have been resolved by the latest imaging techniques. Electron microscopy, 

electron tomography (Popescu et al., 2006; Hubert et al., 2020) and even some 

super resolution imaging techniques, such as Stochastic Optical Reconstruction 

microscopy (STORM), Structured-illumination Microscopy (SIM) and Stimulated 

Emission Depletion (STED) microscopy (Platonova et al., 2015; Yeow et al., 
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2017; Khater et al., 2018), have been utilised to visualise caveolar vesicles in 

three-dimensional arrangement. Specifically with the application of STED and 

SIM microscopy, single caveolae can be tracked throughout single live cell, which 

is useful in the study of intracellular trafficking (Khater et al., 2018). Ultimately, 

previous unsolved questions, including how the mechanisms underlying caveolae 

scission and trafficking pathways through ER and mitochondria can be elucidated 

by the application of the advanced imaging techniques in the near future. 

 

4.5 Chapter conclusions 

The final conclusions to be drawn from this chapter are: 

 

1. CXCL12 stimulation induces translocation of caveolin-1 (Cav-1) towards 

the leading edge of MCF-7 cells, but not significantly affects the expression 

level of Cav-1.  

2. CXCL12-induced CXCR4 internalisation is caveolae-dependent in Jurkat 

cells. 

3. CCL3-induced CCR5 internalisation in MCF-7 cells is not dependent of 

clathrin. 

4. Pitstop 2, a clathrin inhibitor, is found to have non-specific effects that 

specifically interfere CXCR4 internalisation. 

5. Dynamin plays a significant role in CXCL12-induced CXCR4 

internalisation, but less significant in CCL3-induced CCR5 internalisation 

in MCF-7 cells. Other adaptor proteins might be involved in CCL3-induced 

CCR5 endocytosis in MCF-7 cells.  

6. In MCF-7 cells, under basal conditions, arrestin-2 (also known as -

arrestin 1) is distributed throughout the cells, including the nucleus, 

whereas arrestin-3 (also known as -arrestin 2) is expressed exclusively 

in the cytoplasm. 

7. Arr-2 constructs translocate from the nucleus to the plasma membrane 

specifically in response to CCL3 stimulation in MCF-7 cells 

8. Arr-3 constructs translocate towards the nucleus dependent of dynamin 

following CXCL12 stimulation in MCF-7 cells.  
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It should be noted that the mechanisms underlying CCL3-induced CCR5 

internalisation and CXCL12-induced CXCR4 internalisation in MCF-7 cells are 

inconclusive from our findings due to the limitations of our methodology. Further 

investigations should be conducted as described in the discussion section. 
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Table 4.3. Summary of the experimental approaches used and extent of receptor internalisation in MCF-7 and Jurkat cells 

 

Chemokine 

receptors 

Endogenous / 

Exogenous 

expression 

Cell 

lines 

Ligands 

(concentration) 

Ligand 

stimulation 

duration 

Detection 

methods 

Percentage of 

receptors 

internalised* 

CCR5 Endogenous MCF-7 CCL3 (100 nM) 30 mins FACS 34.2% 

CXCR4 Endogenous MCF-7 CXCL12 (50nM) 30 mins FACS 24.6% 

Endogenous Jurkat CXCL12 (50nM) 30 mins FACS 49.9% 

*Percentage of receptors internalised (%) = 100 – percentage of receptor expression on cell surface following chemokine stimulation (see 

Table 4.2). 
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Table 4.4. Summary of the involvement of intracellular proteins in receptor internalisation in MCF-7 and Jurkat cells 

 

Chemokine 

receptor 

internalisation 

Cell 

lines 

Caveolae-

dependent? 

Clathrin-

dependent? 

Involvement of 

dynamin? 

Involvement of -

arrestin isoforms 

-arrestin 

translocation 

associated with 

dynamin? 

CCR5 

internalisation 

MCF-7 Inconclusive  

(Trend of inhibition 

by caveolae-

depleting agents) 

No Yes 
 

Arr-2 

(Potentially involved in 

G protein-independent 

signalling)* 

No 

CXCR4 

internalisation 

MCF-7 Inconclusive  

(Non-specific 

effects) 

Inconclusive  

(Non-specific 

effects) 

Yes 

(More significant 

in translocation) 

Arr-3 

(Potentially involved in 

clathrin-dependent 

receptor endocytosis)* 

Yes 

Jurkat Yes Inconclusive  

(Non-specific 

effects) 

Not investigated Not investigated** Not investigated** 

* Further investigations are necessary to confirm the potential roles of -arrestins stated. 

**Attempts on electroporation transfection of -arrestins have been conducted in Jurkat cells but it was not successful. 
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Chapter 5: The roles of protein kinase D 

(PrKD) in regulating chemokine-induced 

cellular responses 

 

5.1 Introduction 

Protein kinase D (PrKD) is a family of conserved serine/threonine kinases and a 

part of the Ca2+/calmodulin superfamily (Rozengurt et al., 2005). In canonical 

signalling pathway, a variety of stimuli, such as growth factors, hormones and 

phorbol esters, are involved in PrKD activation through diacylglycerol (DAG) and 

classical or novel protein kinase C (cPKC or nPKC) (Rozengurt et al., 2005; 

Wang, 2006). Based on the sequence homology of PrKD, there are three 

isoforms that have been discovered: PrKD1, PrkD2 and PrKD3 (Manning et al., 

2002; X. Zhang et al., 2021). The three isoforms are localised in the cytoplasm 

basally, however, they translocate to various subcellular locations upon 

activation, such as nucleus, mitochondria and cytoplasm. In terms of functionality, 

it is well documented that PrKD takes a major part in regulating a variety of 

biological processes that contribute to cancer development and progression. The 

cellular processes involved by PrKD include cell proliferation, cell survival, 

epithelial-to-mesenchymal transition (EMT), cell migration and invasion and 

angiogenesis (Fu and Rubin, 2011). Accumulating evidence has revealed that 

PrKD functions in an isoform-specific manner, acting as a positive or negative 

regulator in cancer (Roy et al., 2017).  

 

For example, in breast cancer cells, PrKD3 is known to be associated with the 

invasiveness of breast cancer (Borges et al., 2015). Mechanistically, the 

oestrogen receptor (ER) binds directly to the PrKD3 gene promoter and 

subsequently inhibit PrKD3 expression. Hence, PrKD3 is highly upregulated in 

ER-negative breast cancer, contributing to increased cell proliferation, migration, 

and invasion (Borges et al., 2015). Furthermore, PrKD2 is also found to positively 

regulate cell proliferation and migration in cancer (X. Zhang et al., 2021). In triple-

negative breast cancer (TNBC), both PrKD2 and PrKD3 are preferentially 

expressed (Liu et al., 2019). In brief, PrKD1 generally functions as tumour 
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suppressor by negatively regulating tumour-promoting proteins, such as SNAIL 

(Zheng et al., 2014), SSH1L (Niwa et al., 2002) and cortactin (Eiseler et al., 2007), 

and positively regulating tumour-suppressing proteins, such as PAK4 (Spratley 

et al., 2011), RIN1 (Ziegler et al., 2011) and E-cadherin (Du et al., 2009; Jaggi et 

al., 2005). On the other hand, as positive regulators in cancer, PrKD2 and PrKD3 

are involved in the activation of tumour-promoting pathways, including NF-B 

activation (Zou et al., 2012), PAK/LIMK signalling (Döppler et al., 2014) and MMP 

activation (Wille et al., 2014). 

 

Many cellular studies have investigated the interactions of PrKD with target 

substrates contributing to a variety of biological processes in cancer and 

uncovered some isoform-specific roles of PrKD in different cancer types (Roy et 

al., 2017). Yet, precise molecular cues that direct PrKD to regulate downstream 

substrates are not sufficiently studied. Therefore, we set out to investigate the 

involvement of PrKD in chemokine signalling using small molecule inhibitors 

targeting PrKD and unveil the potential roles of PrKD in chemokine-induced 

cellular responses, including calcium mobilisation, chemotaxis, actin cytoskeletal 

rearrangement and receptor internalisation. We also attempted to knock down 

PrKD2 specifically using transfection of plasmid DNA containing a PrKD2 shRNA 

insert for future studies on isoform-specific roles of PrKD. 

 

5.2 Chapter aims 

Hypothesis: We hypothesised that PrKD is activated through DAG or directly 

activated by PKC following chemokine stimulation, and subsequently mediates a 

diversity of cellular responses that could promote or supress cancer cell 

migration. 

 

Aims: The aim of this chapter is to examine the roles of PrKD in chemokine-

stimulated cellular responses in cancer cell lines, including Ca2+ mobilisation, 

chemotaxis, actin cytoskeletal rearrangement and receptor internalisation. 
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5.3 Results 

5.3.1 Protein kinase D (PrKD) inhibitors reduce intracellular Ca2+ release 

induced by CCL3 and CXCL12 in MCF-7 cells, while PrKD inhibitors reduce 

intracellular Ca2+ release mediated by CCL3 but not CXCL12 in THP-1 cells.  

 

Intracellular Ca2+ is a key signalling transducer in downstream signalling as a part 

of chemokine signalling pathway via activated phospholipase C (PLC). Evidence 

showed that PLC activation leads to protein kinase C (PKC) activation 

(McLaughlin et al., 2002). As PrKD is activated by PKC, PrKD also acts as a 

downstream effector in the PLC-dependent pathway. Although no evidence 

shows that PKC and PrKD have a direct effect on intracellular Ca2+ release, PrKD 

could potentially be involved in regulating intracellular Ca2+ mobilisation as a 

positive or negative feedback loop to amplify or diminish Ca2+ response activated 

by DAG. 

 

To determine the roles of PrKD in chemokine signalling involving Ca2+ release, 

we examined the effects of the PrKD inhibitors, CID755673 and CID2011756, on 

chemokine induced intracellular Ca2+ release using Ca2+ flux assay. CID2011756 

is the analogue of CID755673. Both inhibitors act on all three isoforms of PrKD.  

 

According to our results from the cytotoxicity test using MTS assay, CID755673 

exhibit a trend of cytotoxicity in MCF-7 cells (Figure A5). As our group previously 

used 10 M CID755673 to study the effects of PrKD on cellular responses in 

Jurkat and THP-1 cells (Mills, PhD dissertation, 2018), our results from MTS 

assay have confirmed that no cytotoxicity was observed in Jurkat and THP-1 cells 

at 10 M (Figure A6). Another PrKD inhibitor, CID2011756, demonstrates some 

extent of cytotoxicity in both MCF-7 and MDA-MB-231 cells, while no cytotoxicity 

was seen in Jurkat and THP-1 cells (Figure A7). Using Trypan blue exclusion 

method as a validation for the MTS assay, an observable reduction in cell viability 

was seen in MCF-7 and MDA-MB-231 cells treated with CID2011756 in a 

concentration range from 5 M to 20 M following 72 hours incubation (Figures 

A8 and A9). Although there was still a small proportion of dead cells indicated by 

the trypan blue dye in cells treated with 2.5 M CID2011756 (Figures A8 and 

A9), the cytotoxicity effect should be minimal in 30 minutes incubation time for 
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most of our experimental assays. Using 1 M CID2011756 might not be sufficient 

to inhibit PrKD as the IC50 values targeting the three PrKD isoforms are between 

0.6 M and 3.2 M (Table 2.3). By considering the balance of cytotoxicity and 

potency of CID755673 and CID2011756, we decided to use 2.5 M for MCF-7 

and MDA-MB-231 cells and 10 M for Jurkat and THP-1 cells as assay 

concentration of both PrKD inhibitors. 

 

Cells were pre-treated with CID755673 or CID2011756 for 30 minutes, followed 

by incubation with Fura-2 AM for another 30 minutes. Change in intracellular Ca2+ 

level before and after CCL3 (200 nM) or CXCL12 (20 nM) stimulation was 

measured in real time. The principles behind Ca2+ flux assay used in our study 

has been detailed in Section 3.3.2. 

 

Our results showed that both PrKD inhibitors significantly reduce intracellular 

Ca2+ release in the stimulation of CCL3 in THP-1 cells, whereas less significant 

reduction was observed in MCF-7 cells (Figure 5.1). Particularly for the observed 

effects of CID2011756 in MCF-7 cells, although the change in intracellular Ca2+ 

level in post-CCL3 stimulation is lower in comparison to control without inhibitor 

treatment, but is not statistically significant, as seen from the representative trace 

of intracellular Ca2+ release level (Figure 5.1). It should be noted that the 

concentration used in MCF-7 cells was 2.5 M, which is lower than the IC50 for 

PrKD1 inhibition (3.2 M) from the literature, due to the cytotoxicity of 

CID2011756 in MCF-7 cells (Figures A7 and A8). The assay concentration might 

not be high enough to particularly inhibit PrKD1 in MCF-7 cells. This might explain 

insignificant effects of CID2011756 on Ca2+ response in MCF-7 cells observed in 

our study. Thus, PrKD, particularly PrKD1, is potentially involved in CCL3-

induced intracellular Ca2+ release. Yet, further investigations are necessary to 

confirm the exact roles of PrKD in regulating intracellular level of Ca2+. 
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Figure 5.1. CCL3-induced Ca2+ response was reduced when treated 

with PrKD inhibitors in both THP-1 and MCF-7 cells. (a, b) THP-1 and 

(c, d) MCF-7 cells were pre-treated with PrKD inhibitors (CID755673 and 

CID2011756) respectively and stimulated with CCL3 (200 nM). (Left) Bar 

charts showing data expressed as change in fluorescence ratio (340 

nm/380nm) between peak fluorescence after CCL3 and basal fluorescence 

before CCL3 stimulation. (Right) Representative traces of real-time 
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intracellular Ca2+ release level in the response to CCL3 stimulation. Data 

represent mean  SEM from at least 3 independent experiments. Unpaired 

t-test as post-hoc test, * = p≤ 0.05, ** = p≤ 0.01. 

 

In respect to CXCL12-induced intracellular Ca2+ mobilisation, a trend of increased 

intracellular Ca2+ release was observed in THP-1 cells pre-treated with both PrKD 

inhibitors, but the effect was not significant, as shown in Figure 5.2. On the other 

hand, in MCF-7 cells, a reduction in intracellular Ca2+ release was seen in the 

treatment of both PrKD inhibitors (Figure 5.2). Same as the phenomenon seen 

in CCL3-induced Ca2+ responses, less significant effects were observed in 

CID2011756-treated MCF-7 cells (Figure 5.2) due to relatively low concentration 

of the inhibitor used. 
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Figure 5.2. CXCL12-induced Ca2+ response was reduced by the 

treatment of PrKD inhibitors in MCF-7 cells, but an opposing effect was 

seen in THP-1 cells. (a, b) THP-1 and (c, d) MCF-7 cells were pre-treated 

with PrKD inhibitors (CID755673 and CID2011756) respectively and 

stimulated with CXCL12 (20 nM). (Left) Bar charts showing data expressed 

as change in fluorescence ratio (340 nm/380nm) between peak 

fluorescence after CXCL12 and basal fluorescence before CXCL12 
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stimulation. (Right) Representative traces of real-time intracellular Ca2+ 

release level in the response to CXCL12 stimulation from at least three 

independent experiments. Data represent mean  SEM from at least 3 

independent experiments (bar charts). Unpaired t-test as post-hoc test, ** = 

p≤ 0.01, n.s. = not significant. 

 

5.3.2 PrKD inhibitors significantly block chemotaxis driven by CXCL12 

stimulation in both Jurkat and THP-1 cells. 

 

In the link of PrKD in cell migration, as reviewed previously in Section 1.4.5, 

several substrates of PrKD are involved in cell migration, such as SSH1L, 

cortactin, PAK4 and RIN1. Some of these substrates promote cell migration, 

while some suppress cell migration. Through phosphorylation by PrKD, target 

substrates can either be activated to mediate downstream signalling or 

inactivated by binding to 14-3-3 proteins for degradation. Hence, PrKD has been 

thought to regulate cell migration in an isoform-specific manner by interacting with 

cell migration promoters or suppressors. Whether PrKD has a role in chemokine 

signalling contributing to chemotaxis is yet to be elucidated. 

 

In our study, the involvement of PrKD in CXCL12-induced chemotaxis in two 

leukemic cancer cell lines, Jurkat and THP-1 cells, was examined based on our 

chemotaxis assay using ChemoTx plate as described in Section 3.3.4. Cells 

were pre-treated with the PrKD inhibitors, CID755673 and CID2011756 

respectively, for 30 minutes before being seeded onto the porous membrane of 

the ChemoTx plate, where the bottom compartment contains CXCL12. The plate 

was incubated at 37C for 4 hours to allow chemotaxis to take place. 

 

Figure 5.3 illustrates that the number of migrating cells towards CXCL12 is 

significantly reduced in Jurkat and THP-1 cells pre-treated with CID755673 or 

CID2011756, compared to untreated controls. For THP-1 cells, trace amounts of 

cells (< 100,000 cells mL-1) were observed to migrate towards the bottom 

compartment in the absence of CXCL12 in basal controls with or without 

treatment of the inhibitors. This could be explained by the small cell size of THP-

1. As we used the same set of ChemoTx plate with the same pore sized (5 m) 

membrane for both cell lines, THP-1 cells with smaller cell size might possibly fall 
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through the pores due to mechanical movements during the experiment, leading 

to false positive effects. However, the false positive effects cause minimal impact 

without overriding the difference seen in chemokine-stimulated samples.  

 

 

Figure 5.3. A significant reduction in the number of cells migrating 

towards CXCL12 was observed in Jurkat and THP-1 cells treated with 

PrKD inhibitors, CID755673 and CID2011756, in the chemotaxis assay. 

(a) Jurkat and (b) THP-1 cells were pre-treated with CID755673 (10 µM) or 

CID2011756 (10 µM) respectively or without treatment of inhibitor as 

untreated control. Cells were seeded onto the membrane above the bottom 

compartment containing CXCL12 (1 nM) or serum-free media only (for basal 

controls) in the ChemoTx plate. The plate was incubated at 37C for 4 hours. 

Data is expressed as the number of cells in the bottom compartment after 

4-hour incubation. Data shown represent the mean  SEM of 3 independent 

experiments. (One-way ANOVA with a Dunnett’s multiple comparisons test 

as post-hoc test, ** = p  0.01, *** = p  0.001) 
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5.3.3 Protein kinase D (PrKD) inhibitors cause elongated morphology with 

increased cell surface area in MCF-7 cells alone in the absence of 

chemokine stimulation. 

 

As a role of negative regulator in cell migration, PrKD has been shown to interact 

with multiple substrates that regulate actin cytoskeletal rearrangement. To date, 

two major mechanisms involving PrKD in actin cytoskeletal remodelling have 

been proposed: (1) PrKD has been found to be co-localised with the cortical actin 

network to stabilise proteins involved in the formation of lamellipodia and filopodia 

selectively at the leading edge of migrating cells tail (Eiseler et al., 2007). (2) 

PrKD directly phosphorylate SSH1L, leading to inactivation of the signalling 

network of cofilin. Consequently, both mechanisms inhibit actin nucleation and 

actin polymerisation, leading to a reduction in migratory potential of cells (Borges 

et al., 2015; Peterburs et al., 2009). 

 

Our study investigated the effects of PrKD inhibition on chemokine-induced actin 

cytoskeletal rearrangement in MCF-7 cells. 

 

In Figure 5.4, compared to the control without inhibitor treatment, MCF-7 cells 

pre-treated with CID755673 or CID2011756 appeared to be elongated even 

without CCL3 or CXCL12 stimulation. The cell morphology of PrKD inhibitor-

treated MCF-7 cells is similar to cells stimulated with CCL3 or CXCL12, which is 

more spreading. With respect to actin cytoskeleton structures, increased 

formation of lamellipodia and filopodia at the leading edge and more stress fibres 

at the tail were observed in the treatment of PrKD inhibitors, same as cells in the 

stimulation of CCL3 or CXCL12 (Figure 5.4). Owing to the effect of PrKD 

inhibitors on actin cytoskeletal rearrangement, there was no observable 

difference between cells treated with PrKD inhibitors alone and cells treated with 

PrKD inhibitors followed by CCL3 or CXCL12 stimulation (Figure 5.4). The 

observations are supported by the quantification analysis based on phalloidin-

stained F-actin showing that a significant increase in cell area but a significant 

decrease in circularity was seen in MCF-7 cells treated with PrKD inhibitor in the 

absence of chemokine stimulation (Figure 5.5). This implies that inhibition of 

PrKD induces more spreading in cell morphology with increased formation of 

lamellipodia, filopodia and stress fibre in MCF-7 cells. These features potentially 
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favour cell migration potential. Yet, the exact roles of PrKD in chemokine-induced 

actin cytoskeletal change remains to be elusive due to potential synergistic 

effects. 

 

 

Figure 5.4. MCF-7 cells appear to be more elongated and spreading in 

the treatment of PrKD inhibitor, CID755673 or CID2011756, in the 

absence of chemokine stimulation. Cells were either (a) stimulated with 

CCL3 (100 nM) or CXCL12 (50 nM) for 30 minutes without inhibitor 

treatment, or pre-treated with PrKD inhibitors, (b) CID755673 (2.5 µM) or 

(c) CID2011756 (2.5 µM) for 30 minutes prior to chemokine stimulation for 

another 30 minutes. Cells were then fixed, permeabilised and stained with 

Alexa FluorTM 488 Phalloidin (green) for F-actin cytoskeleton and DAPI 

(1:1000) (blue) for cell nuclei. Elongated cells treated with CID755673 or 

CID2011756 in the absence of chemokine stimulation were annotated by 

white arrows. Representative images from at least 3 independent 

experiments were acquired with a Leica DMII Fluorescence microscope 

using 31.5X magnification. 
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Figure 5.5. PrKD inhibitors, CID755673 and CID2011756, induce a 

significant increase in cell surface area and a significant reduction in 

cell circularity, similar to the effects of CCL3 and CXCL12 stimulation 

in MCF-7 cells. (a, b) Cell surface area and cell circularity per a single cell 

treated with 2.5 M CID755673 followed by stimulation of 100 nM CCL3 or 

50 nM CXCL12. (c, d) Cell area and cell circularity per a single cell treated 

with 2.5 M CID2011756 followed by stimulation of 100 nM CCL3 or 50 nM 

CXCL12. At least 10 cells were analysed per experiment. Identical 

microscopic settings (image size, 2592 x 1944 pixel and 414.72 x 311.04 
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m) were applied. Data shown represent the mean  SEM of 3 independent 

experiments. Data were compared in relation to cells without inhibitor 

treatment or chemokine stimulation (One-way ANOVA with a Dunnett’s 

multiple comparisons test as post-hoc test, ** = p  0.01, *** = p  0.001). 

 

5.3.4 ROCK inhibitor, Y27632, disrupts the organisation of actin 

cytoskeleton, while Arp2/3 inhibitor, CK666, prevents the formation of 

lamellipodia and filopodia in MCF-7 cells stimulated with CCL3 or CXCL12. 

 

To further investigate whether PrKD also interact with other critical proteins 

involved in actin cytoskeleton rearrangement, we conducted a preliminary 

experiment to examine the effects of inhibition of Rho kinase (ROCK) and Arp2/3 

complex on actin cytoskeleton rearrangement in the stimulation of CCL3 or 

CXCL12 only. ROCK is responsible for the formation of stress fibres at the 

contractile tail of migrating cells (Narumiya et al., 2009), whereas Arp2/3 complex 

is important for actin polymerisation in the formation of lamellipodia and filopodia 

at the leading edge of migrating cells (Mattila and Lappalainen, 2008). We used 

two small molecule inhibitors, Y27632 and CK666, to target ROCK and Arp2/3 

complex respectively. 

 

Y27632 is a pan-ROCK inhibitor that inhibits the two isoforms of ROCK (ROCK1 

and ROCK2) (Shi et al., 2013) (Figure 5.6). Previous literature reported that 

Y27632 at 10 µM alters cell shape and disrupt the stability of stress fibres with 

increased cellular permeability (Rao et al., 2001; Shi et al., 2013). CK666 is an 

inhibitor targeting the Arp2/3 complex (Figure 5.6). A structural basis study has 

proposed that CK666 binds to the interface of Arp2 and Arp3 to stabilise the 

inactive conformation, which prevent F-actin and actin monomers from binding to 

the Arp2/3 complex. As a result, polymerisation of actin by Arp2/3 is inhibited 

(Hetrick et al., 2013). 
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Figure 5.6. Signalling mechanisms in the regulation of actin 

cytoskeleton network. Two inhibitors were indicated at the positions where 

the targets of inhibition are located in the schematic diagram above (in red). 

Y27632 is an inhibitor targeting ROCK leading to stress fibre instability (Shi 

et al., 2013), while CK666 is an inhibitor targeting Arp2/3 leading to inhibition 

of actin polymerisation (Hetrick et al., 2013) (Image created with 

BioRender.com). 

 

As previous study from our group investigating CCR5 internalisation and 

recycling using Y27632 at 20 µM (Mueller and Strange, 2004), we confirmed that 

20 µM Y27632 does not cause any cytotoxicity in MCF-7 cells (Figure A10). For 

CK666, 10 µM was used to block Arp2/3 in the investigation of F-actin remodelling 

by our group (Keil, PhD dissertation, 2019) and the IC50 of CK666 is 4 µM for 

targeting Arp2/3 as stated by Nolen et al., 2009. As shown in Figure A11, 10 µM 

CK666 causes no cytotoxicity in MCF-7 cells. Hence, our study used Y27632 at 

20 µM for targeting ROCK and CK666 at 10 µM for targeting Arp2/3 to determine 

the roles of ROCK and Arp2/3 in actin cytoskeletal remodelling and its association 

with PrKD. 

 

When treated with Y27632, in the absence of chemokine stimulation under basal 

condition, F-actin appeared to be ruffling at the tail of the cells, mostly 

accumulating at the periphery of MCF-7 cells (Figure 5.7).  In CCL3 or CXCL12-

stimulated MCF-7 cells, ruffling and clusters of the stress fibre at the contractile 

tail was seen although cells still appear to be elongated by the effect of 
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chemokine stimulation (Figure 5.7). This implies that inhibition of ROCK by 

Y27632 disrupts the organisation of actin cytoskeletal network, contributing to 

change in cell morphology. In the stimulation of CCL3 or CXCL12, ROCK 

inhibition only affects the formation of stress fibres at the contractile tail but not 

impact the formation of lamellipodia and filopodia at the leading edge. In the 

comparison between chemokine-stimulated cells with Y27632 treatment and 

without inhibitor treatment, there was a significant reduction in cell surface area 

but the change in circularity was not significant (Figure 5.8). 

 

When treated with CK666, cell morphology was observed to be less spreading in 

unstimulated cells compared to that without inhibitor treatment (Figure 5.7). Also, 

F-actin was found to translocate and accumulate towards the periphery of the 

cells (Figure 5.7). In both CCL3 and CXCL12-stimulated cells, less elongated 

cell morphology was observed, and the formation of lamellipodia and filopodia 

was less distinctive compared to cells without inhibitor treatment (Figure 5.7). In 

the comparison between chemokine-stimulated cells with CK666 treatment and 

without inhibitor treatment, significant reduction in cell surface area and increase 

in circularity was seen (Figure 5.8). This implies that inhibition of Arp2/3 by 

CK666 inhibits actin severing and nucleation, leading to accumulation of F-actin 

at the periphery of the cells. CK666 also blocks actin polymerisation mediated by 

CCL3 or CXCL12, resulting in reduced formation of lamellipodia and filopodia at 

the leading edge. 
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Figure 5.7. ROCK inhibitor, Y27632, induces ruffling and clustering of 

F-actin, while Arp2/3 inhibitor, CK666, abolishes the elongated 

morphology seen in both CCL3-stimulated and CXCL12-stimulated 

MCF-7 cells. Cells were pre-treated with Y27632 (20 µM) or CK666 (10 µM) 

respectively, for 30 minutes and stimulated with CXCL12 (50 nM) for 

another 30 minutes or absence of chemokine as a basal control. Cells were 

then fixed, permeabilised and stained with Alexa FluorTM 488 Phalloidin 

(green) for F-actin cytoskeleton and DAPI (1:1000) (blue) for cell nuclei. 

Membrane ruffling of cells treated with Y27632 was annotated by white 

arrows. Clustering of F-actin in cells treated with CK666 was annotated by 

red arrows. Representative images from at least 3 independent experiments 

were acquired with a Leica DMII Fluorescence microscope using 31.5X 

magnification. 
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Figure 5.8. The effects of increased cell surface area and decreased 

circularity mediated by chemokine stimulation are abolished by the 

treatment of ROCK inhibitor, Y27632, and Arp2/3 inhibitor, CK666 in 

MCF-7 cells. (a, b) Cell surface area and cell circularity per a single cell 

treated with 20 M Y27632 followed by stimulation of 100 nM CCL3 or 50 

nM CXCL12. (c, d) Cell area and cell circularity per a single cell treated with 

10 M CK666 followed by stimulation of 100 nM CCL3 or 50 nM CXCL12. 

At least 10 cells were analysed per experiment. Identical microscopic 

settings (image size, 2592 x 1944 pixel and 414.72 x 311.04 m) were 

applied. Data shown represent the mean  SEM of 3 independent 

experiments. Data are compared between with and without chemokine 
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stimulation (in blue) and between with and without inhibitor treatment (in 

red) (One-way ANOVA with a Dunnett’s multiple comparisons test as post-

hoc test, * = p  0.05, ** = p  0.01, *** = p  0.001). 

 

5.3.5. Disruption of F-actin arrangement and elongated cell morphology 

with increased cell surface is resulted by the combined treatment of Y27632 

and PrKD inhibitor. 

 

Disruption of the arrangement of F-actin was observed in the treatment of Y27632 

from our preliminary experiments. In addition to the effects of ROCK inhibition, 

we examined any changes in F-actin arrangement implicated by PrKD inhibition 

at the same time. This could deduce whether PrKD is an upstream or downstream 

protein corresponding to ROCK in the signalling pathway regulating actin 

cytoskeletal rearrangement. 

 

Cells were pre-treated with Y27632 and one of the PrKD inhibitor, CID755673 or 

CID2011756, at the same time for 30 minutes, followed by CCL3 or CXCL12 

stimulation for another 30 minutes or in the absence of chemokine stimulation as 

basal controls. To eliminate the possibility of cytotoxicity in the combined use of 

both inhibitors, it was confirmed that a combination of 20 µM Y27632 and 2.5 µM 

PrKD inhibitor causes no cytotoxicity in MCF-7 cells (Figure A12). 

 

In combined treatment of Y27632 and PrKD inhibitor, MCF-7 cells without 

chemokine stimulation appeared to have increased cell surface area compared 

to those treated with Y27632 alone, however, distinctive ruffling and clusters of 

F-actin was observed (Figure 5.9). There was no observable difference between 

basal and CCL3 or CXCL12 stimulation in MCF-7 cells treated with Y27632 and 

PrKD inhibitor. Elongated and spreading cell morphology with disordered F-actin 

was observed in all conditions. As shown in the quantitative analysis of F-actin, 

there was a significant increase in cell area and significant reduction in cell 

circularity in cells treated with Y27532 and PrKD inhibitor even in the absence of 

CCL3 or CXCL12 stimulation (Figure 5.10). Together with our findings described 

in Section 5.3.3 and 5.3.4, PrKD inhibition induces more spreading in cell 

morphology and ROCK inhibition disrupts F-actin arrangement. Both effects were 

observed when a combination of inhibitors targeting both proteins was used.  
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Figure 5.9. Ruffling and clustering of F-actin is still seen in MCF-7 cells 

treated with Y27632 in addition of PrKD inhibitor. Cells were pre-treated 

with Y27632 and PrKD inhibitor, CID755632 or CID2011645, at the same 

time for 30 minutes and stimulated with CXCL12 (50 nM) for another 30 

minutes or absence of chemokine as a basal control. Cells were then fixed, 

permeabilised and stained with Alexa FluorTM 488 Phalloidin (green) for F-

actin cytoskeleton and DAPI (1:1000) (blue) for cell nuclei. Membrane 

ruffling of cells induced by the inhibitor treatment was annotated by white 

arrows. Representative images from at least 3 independent experiments 

were acquired with a Leica DMII Fluorescence microscope using 31.5X 

magnification. 
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Figure 5.10. Combined treatment of Y27632 and PrKD inhibitor, 

CID755673 or CID2011756, induces increase in cell area and reduction 

in cell circularity with or without CCL3 or CXCL12 stimulation in MCF-

7 cells. (a, b) Cell surface area and cell circularity per a single cell treated 

with 20 M Y27632 and 2.5 M CID755673 followed by stimulation of 100 

nM CCL3 or 50 nM CXCL12. (c, d) Cell surface area and cell circularity per 

a single cell treated with 20 M Y27632 and 2.5 M CID2011756 followed 

by stimulation of 100 nM CCL3 or 50 nM CXCL12. At least 10 cells were 

analysed per experiment. Identical microscopic settings (image size, 2592 
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x 1944 pixel and 414.72 x 311.04 m) were applied. Data shown represent 

the mean  SEM of 3 independent experiments. Data were compared in 

relation to cells without inhibitor treatment or chemokine stimulation (One-

way ANOVA with a Dunnett’s multiple comparisons test as post-hoc test, * 

= p  0.05, ** = p  0.01, *** = p  0.001). 

 

5.3.6. CK666 overrides the basal effect of PrKD inhibitor as a result of 

inhibition of actin polymerisation observed in MCF-7 cells. 

 

From our preliminary experiments, reduced cell surface area and accumulation 

of F-actin at the periphery of MCF-7 cells were observed in the treatment of 

CK666. Same as Section 5.3.5, we pre-treated the cells with the combination of 

CK666 and PrKD inhibitor at the same time, in order to observe the effects on 

actin cytoskeletal rearrangement by Arp2/3 inhibition and PrKD inhibition. It was 

confirmed that combined treatment of 10 µM CK666 and PrKD inhibitor (2.5 µM 

CID755673 or CID2011756) has no toxicity in MCF-7 cells from the MTS 

cytotoxicity tests (Figure A12). Under basal condition with the combined 

treatment of CK666 and PrKD inhibitor, the appearance of cell morphology and 

F-actin localisation are similar to those treated with CK666 alone (Figures 5.7 

and 5.11). This implies that the effect of increased cell surface area by PrKD 

inhibitor is overridden by the effects of CK666 in the absence of chemokine 

stimulation. Interestingly, in the stimulation of CCL3 or CXCL12, cells in the 

combined inhibitor treatment appeared to be more elongated, compared to 

CK666 treatment alone (Figures 5.7 and 5.11). From the quantification analysis 

of F-actin, by comparing between chemokine-stimulated cells with combined 

inhibitor treatment and without inhibitor treatment, cell surface area was 

significantly reduced by the combined inhibitor treatment, while circularity was not 

affected (Figure 5.12). This dictates that the elongated cell morphology induced 

by chemokine stimulation was not affected by the combined inhibitor treatment. 

The above observation confirmed that PrKD inhibition does not induce change in 

actin arrangement in chemokine-stimulated cells. The elongated morphology of 

chemokine-stimulated cells is dependent of chemokine stimulation, but not PrKD 

inhibition.   
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Figure 5.11. A combination of Arp2/3 inhibitor, CK666, and PrKD 

inhibitor, CID755673 or CID2011756, induces elongated morphology 

but no observable change in cell surface area following chemokine 

stimulation in MCF-7 cells. Cells were pre-treated with CK666 and PrKD 

inhibitor at the same time for 30 minutes and stimulated with CXCL12 (50 

nM) for another 30 minutes or absence of chemokine as a basal control. 

Cells were then fixed, permeabilised and stained with Alexa FluorTM 488 

Phalloidin (green) for F-actin cytoskeleton. Elongated cells induced by the 

inhibitor treatment were annotated by white arrows. Representative images 

from at least 3 independent experiments were acquired with a Leica DMII 

Fluorescence microscope using 31.5X magnification. 
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Figure 5.12. Combined treatment of CK666 and PrKD inhibitor, 

CID755673 or CID2011756, induces reduction in cell circularity but no 

change in cell surface area with or without chemokine stimulation in 

MCF-7 cells. (a, b) Cell surface area and cell circularity per a single cell 

treated with 20 M Y27632 and 2.5 M CID755673 followed by stimulation 

of 100 nM CCL3 or 50 nM CXCL12. (c, d) Cell surface area and cell 

circularity per a single cell treated with 20 M Y27632 and 2.5 M 

CID2011756 followed by stimulation of 100 nM CCL3 or 50 nM CXCL12. At 

least 10 cells were analysed per experiment. Identical microscopic settings 
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(image size, 2592 x 1944 pixel and 414.72 x 311.04 m) were applied. Data 

shown represent the mean  SEM of 3 independent experiments. Data are 

compared between with and without chemokine stimulation (in blue) and 

between with and without inhibitor treatment (in red) (One-way ANOVA with 

a Dunnett’s multiple comparisons test as post-hoc test, * = p  0.05, ** = p 

 0.01, *** = p  0.001). 

 

5.3.7 PrKD inhibitors, CID755673 and CID2011756, have no blocking effect 

on chemokine receptor internalisation following CCL3 or CXCL12 

stimulation in MCF-7 and Jurkat cells. 

 

As described in Section 1.5.1, receptor phosphorylation by the intracellular 

kinases, including protein kinase C (PKC), following chemokine stimulation is 

crucial particularly for clathrin-dependent receptor internalisation (Borroni et al., 

2010). As PrKD belongs to the family of serine/threonine kinases as PKC 

(Rozengurt et al., 2005), it is hypothesised that PrKD is potentially involved in 

phosphorylation of chemokine receptor, in turn facilitating receptor internalisation 

following chemokine stimulation. Previous studies have revealed the role of 

PrKD1 on phosphorylation of glutamate-gated ion channels, such as N-methyl-

D-aspartate receptor (NMDAR) and AMPA type glutamate receptors (AMPAR), 

in the regulation of receptor internalisation, contributing to neuronal plasticity 

(Fang et al., 2015; Morales et al., 2020). The roles of PrKD in GPCR receptor 

internalisation are yet to be investigated. 

 

In our study, we investigated the effects of PrKD on chemokine receptor 

internalisation, focusing on CCL3-induced CCR5 internalisation in MCF-7 cells, 

and CXCL12-induced CXCR4 internalisation in MCF-7 and Jurkat cells using the 

two PrKD inhibitors, CID755673 and CID2011756. 

 

In our flow cytometry analysis, reduction of cell surface CCR5 expression 

following CCL3 stimulation still occurred in the treatment of CID755673 or 

CID2011756 in MCF-7 cells, and there was no significant difference in the change 

in cell surface CCR5 expression observed compared to control without inhibitor 

treatment (Figure 5.13 and Table 5.1). This implies that PrKD inhibition does not 

affect CCR5 internalisation in the stimulation of CCL3. The same phenomenon 
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was observed in CXCL12-induced CXCR4 internalisation (Figure 5.14 and Table 

5.1). 

 

 

Figure 5.13. PrKD inhibitors had no significant effect on CCL3-induced 

CCR5 internalisation in MCF-7 cells. Cells were pre-treated with 

CID755673 (2.5 µM) or CID2011756 (2.5 µM) or without inhibitor treatment 

for 30 minutes, followed by stimulation with CCL3 (100 nM) at 37 C for 

another 30 minutes to allow CCR5 internalisation to take place. Cells were 

stained with rat CCR5 antibody (1:100) followed by secondary staining of 

anti-rat Alexa 488 antibody (1:200). Only secondary anti-rat Alexa 488 

antibody (1:200) was added in negative control. Fluorescence intensity of 

20,000 events from each sample were quantified in flow cytometry and cell 

population was gated to exclude dead cells and debris before analysis. (a) 

Representative scatter plot (FSC vs. SSC) indicates the gated cell 

population (indicated as P1) in the analysis. (b) Representative histogram 

showing unstained cells as negative control (in grey) and CCR5-stained 

cells (in red). (c, d, e) Representative histograms showing the comparison 

of cells in the absence of chemokine stimulation (in red) and chemokine-

stimulated cells (in green) under different conditions: (c) without inhibitor 

treatment, in the treatment of (d) CID755673 and (e) CID2011756 in respect 

to fluorescence intensity among the gated population (P1) of each cell 

sample. (f) Bar chart showing percentage of cell surface CCR5 expression 
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following CCL3 stimulation in MCF-7 cells treated with either CID755673 

(light grey) or CID2011756 (dark grey) compared to control without inhibitor 

treatment (black). Percentage of cell surface CCR5 expression following 

CCL3 stimulation was calculated from (CCL3-stimulated – negative control) 

/ (unstimulated control – negative control) (%), where negative control was 

stained with secondary antibody. Fluorescence values are based on median 

channel of fluorescence in a gated population (P1) of cells from each 

sample and acquired by the CytExpert software (Beckman Coulter). Data 

shown represent the mean  SEM of at least 3 independent experiments. 

One-way ANOVA with a Dunnett’s multiple comparisons test as post-hoc 

test, n.s. = not significant. 

 

 

Figure 5.14. PrKD inhibitors had no significant effect on CXCL12-

induced CXCR4 internalisation in MCF-7 cells. Cells were pre-treated 

with CID755673 (2.5 µM) or CID2011756 (2.5 µM) or without inhibitor 

treatment for 30 minutes, followed by stimulation with CXCL12 (50 nM) at 

37 C for another 30 minutes to allow CXCR4 internalisation to take place. 

Cells were stained with mouse CXCR4 antibody (1:200) followed by 

secondary staining of anti-mouse Alexa 488 antibody (1:200). Only 

secondary anti-mouse Alexa 488 antibody (1:200) was added in negative 

control. Fluorescence intensity of 20,000 events from each sample were 

quantified in flow cytometry and cell population was gated to exclude dead 

cells and debris before analysis. (a) Representative scatter plot (FSC vs. 
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SSC) indicates the gated cell population (indicated as P1) in the analysis. 

(b) Representative histogram showing unstained cells as negative control 

(in grey) and CXCR4-stained cells (in red). (c, d, e) Representative 

histograms showing the comparison of cells in the absence of chemokine 

stimulation (in red) and chemokine-stimulated cells (in green) under 

different conditions: (c) without inhibitor treatment, in the treatment of (d) 

CID755673 and (e) CID2011756 in respect to fluorescence intensity among 

the gated population (P1) of each cell sample. (f) Bar chart showing 

percentage of cell surface CXCR4 expression following CXCL12 stimulation 

in MCF-7 cells treated with either CID755673 (coloured in light grey) or 

CID2011756 (coloured in dark grey) compared to control without inhibitor 

treatment (coloured in black). Percentage of cell surface CXCR4 expression 

following CXCL12 stimulation was calculated from (CXCL12-stimulated – 

negative control) / (unstimulated control – negative control) (%), where 

negative control was stained with secondary antibody. Fluorescence values 

are based on median channel of fluorescence in a gated population (P1) of 

cells from each sample and acquired by the CytExpert software (Beckman 

Coulter). Data shown represent the mean  SEM of at least 3 independent 

experiments. One-way ANOVA with a Dunnett’s multiple comparisons test 

as post-hoc test, n.s. = not significant. 

 

For Jurkat cells, the extent of reduction in cell surface CXCR4 expression 

following CXCL12 stimulation in cells treated with CID755673 or CID2011756 has 

no significant difference from control without inhibitor treatment (Figure 5.15 and 

Table 5.1). This implies that PrKD inhibition has no effect on CXCL12-induced 

CXCR4 internalisation in Jurkat cells, as seen in MCF-7 cells. 
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Figure 5.15. PrKD inhibitors had no significant effect on CXCL12-

induced CXCR4 internalisation in Jurkat cells. Cells were pre-treated 

with CID755673 (10 µM) or CID2011756 (10 µM) or without inhibitor 

treatment for 30 minutes, followed by stimulation with CXCL12 (50 nM) at 

37 C for another 30 minutes to allow CXCR4 internalisation to take place. 

Cells were stained with mouse CXCR4 antibody (1:200) followed by 

secondary staining of anti-mouse Alexa 488 antibody (1:200). Only 

secondary anti-mouse Alexa 488 antibody (1:200) was added in negative 

control. Fluorescence intensity of 20,000 events from each sample were 

quantified in flow cytometry and cell population was gated to exclude dead 

cells and debris before analysis. (a) Representative scatter plot (FSC vs. 

SSC) indicates the gated cell population (indicated as P1) in the analysis. 

(b) Representative histogram showing unstained cells as negative control 

(in grey) and CXCR4-stained cells (in red). (c, d, e) Representative 

histograms showing the comparison of cells in the absence of chemokine 

stimulation (in red) and chemokine-stimulated cells (in green) under 

different conditions: (c) without inhibitor treatment, in the treatment of (d) 

CID755673 and (e) CID2011756 in respect to fluorescence intensity among 

the gated population (P1) of each cell sample. (f) Bar chart showing 

percentage of cell surface CXCR4 expression following CXCL12 stimulation 

in Jurkat cells treated with either CID755673 (coloured in light grey) or 

CID2011756 (coloured in dark grey) compared to control without inhibitor 

treatment (coloured in black). Percentage of cell surface CXCR4 expression 
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following CXCL12 stimulation was calculated from (CXCL12-stimulated – 

negative control) / (unstimulated control – negative control) (%), where 

negative control was stained with secondary antibody. Fluorescence values 

are based on median channel of fluorescence in a gated population (P1) of 

cells from each sample and acquired by the CytExpert software (Beckman 

Coulter). Data shown represent the mean  SEM of at least 3 independent 

experiments. One-way ANOVA with a Dunnett’s multiple comparisons test 

as post-hoc test, n.s. = not significant. 
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Table 5.1. Effect of PrKD inhibitors, CID755673 and CID0211756, on chemokine-induced receptor internalisation 

 

Cell line Chemokine Percentage of receptor expression on cell surface following 

chemokine stimulation for 30 minutes (%)* ± SEM 

Control † Inhibitor ‡ 

CID755673 

(MCF-7: 2.5 μM 

Jurkat: 10 μM) 

CID2011756 

(MCF-7: 2.5 μM 

Jurkat: 10 μM) 

MCF-7 CCL3 (100 nM) 65.8 ± 3.1 63.5 ± 3.9 69.0 ± 3.8 

CXCL12 (50 nM) 75.4 ± 2.2 68.2 ± 1.1 75.4 ± 2.2 

Jurkat CXCL12 (50 nM) 50.1 ± 3.4 60.9 ± 5.8 56.7 ± 4.4 

*Percentage of receptor expression on cell surface following chemokine stimulation = [median channel of fluorescence (chemokine-

stimulated) - median channel of fluorescence (negative control)] / [median channel of fluorescence (without chemokine stimulation) - 

median channel of fluorescence (negative control)] (%), where negative control was stained with secondary antibody matched to the host 

species and class of the primary antibody only. 

† Relative to control without chemokine stimulation nor inhibitor treatment 

‡ Relative to inhibitor-treated control without chemokine stimulation 
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5.3.8 PrKD2 knockout has no effect on the change in endosomal sorting 

following CXCL12 stimulation. 

 

Owing to the limitations of PrKD inhibitors in the study of the isoform-specific roles 

of PrKD, we attempted to knock down PrKD2 using chemical transfection of 

plasmid DNA containing an PrKD2 shRNA insert (see Section 2.6 for more 

details). PrKD2 previously reported to act as a positive regulator in cell migration 

(Döppler et al., 2014; X. Zhang et al., 2021). Unlike PrKD3, PrKD2 is basally 

inactive that requires activation by extracellular stimuli (Döppler et al., 2014). 

Hence, PrKD2 would be an ideal candidate in the investigation of the involvement 

of PrKD in chemokine-stimulated responses. 

 

In this study, using chemical transfection in MCF-7 cells, we generated three 

varieties of genetic modified cells: (1) PrKD2 knockout (PrKD2 KO) cells with a 

plasmid DNA containing a mammalian PrKD2 shRNA insert and a GFP promoter, 

(2) non-target control cells with plasmid DNA containing a non-target shRNA 

insert, and (3) non-transfected control cells to indicate the success of transfection 

(Figure 5.16). 

 

 

Figure 5.16. Chemically transfected MCF-7 cells for PrKD2 knockout 

(PrKD2 KO) experiments. (a) PrKD KO cells (green) chemically 

transfected with 2 µg of plasmid DNA encoding an insert of PrKD2 shRNA 

and a GFP promoter. (b) Non-target control cells chemically transfected with 

2 µg of plasmid DNA encoding an insert of shRNA that does not target any 

known genes. (c) Non-transfected control cells as an indicator whether the 

transfection process is successful. Cells were stained with DAPI (1:1000) 

(blue) for cell nuclei in non-target control and non-transfected control 

samples. Cells were fixed with 4% formaldehyde solution before image 

acquisition. Representative images from at least 3 independent experiments 
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were acquired with a Leica DMII Fluorescence microscope using 20X 

magnification. 

 

Although we showed that PrKD inhibition has no effect on CCL3-induced CCR5 

internalisation and CXCL12-induced CXCR4 internalisation using pan-PrKD 

inhibitors in the section above, the outcome might be different using an approach 

targeting PrKD2 known as a positive regulator of cell migration. As we found that 

clathrin is not involved in CCL3-induced CCR5 internalisation in MCF-7 in 

Chapter 4, we focused on CXCL12-induced CXCR4 internalisation only in this 

study.  

 

As the yield of successfully transfected cells was insufficient for the quantification 

of cell surface receptor expression using flow cytometry analysis, we performed 

live cell staining to assess lysosome acidification in the process of CXCL12-

induced CXCR4 internalisation instead. Previous literature proposed that 

membrane proteins are transported to early sorting endosomes following 

internalisation (Miaczynska and Zerial, 2002). The early sorting endosomes are 

then matured into late endosomes responsible for sorting into either degradation 

or recycling pathway (Ferguson, 2001). Acidification of endosomes regulated by 

the action of a vacuolar ATPase (V-ATPase) is the main determinant in transport 

and sorting of membrane proteins. Hence, the change in acidity of endosomes is 

an indicative of the sorting process after internalisation (Maxfield, 2014). 

 

We used LysoTracker Deep Red to assess lysosome acidification in our study. 

LysoTracker dye is a fluorescent acidotropic probe for labelling acidic organelles 

in live cells (Barral et al., 2022). In the mode of action, LysoTracker enters cells 

via simple diffusion due to its hydrophobic chemical properties. As the chemical 

structure of LysoTracker consists of aromatic rings with a positively charged 

nitrogen at acidic pH, LysoTracker becomes protonated inside the lysosomes and 

other acidic organelles and is sequestrated in the acidic compartments 

(Zhitomirsky et al., 2018). The acidity inside organelles determines accumulation 

of LysoTracker, indicated by fluorescence intensity from LysoTracker 

(Zhitomirsky et al., 2018). 
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Live cell staining using LysoTracker was performed in PrKD2 KO, non-target 

control and non-transfected control. In CXCL12-stimulated samples, cells were 

stimulated with CXCL12 and incubated at 37C, 5% CO2 for 30 minutes. 

LysoTracker dye was added and samples were incubated at 37C, 5% CO2 for 

another 30 minutes. 

 

In both non-target and non-transfected control samples, there is an observable 

reduction in endosomal acidification after CXCL12 stimulation (Figure 5.17). The 

reduced endosomal acidity in CXCL12-stimulated cells indicates that sorting of 

the receptor occurs following CXCL12-mediated internalisation. Similar 

observations were seen in PrKD2 KO cells (Figure 5.17). This implies that 

endosomal sorting of internalised receptor after CXCL12-induced CXCR4 

internalisation is not affected by PrKD2 knockdown. 
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Figure 5.17. Reduction in endosomal acidicity following CXCL12 

stimulation is not affected by PrKD2 knockdown in MCF-7 cells. (a) 

PrKD KO cells (green) chemically transfected with 2 µg of plasmid DNA 

encoding an insert of PrKD2 shRNA and a GFP promoter. (b) Non-target 

control cells chemically transfected with 2 µg of plasmid DNA encoding an 

insert of shRNA that does not target any known genes. (c) Non-transfected 

control cells as an indicator whether the transfection process is successful. 

Cells were stimulated with CXCL12 (50nM) and incubated at 37C, 5% CO2 

for 30 minutes or only incubated in medium without serum as basal control. 

LysoTracker dye (50nM) was added, and samples were incubated at 37C, 

5% CO2 for another 30 minutes. Cells were stained with DAPI (1:1000) 

(blue) for cell nuclei in non-target control and non-transfected control 

samples. Representative images from at least 3 independent experiments 

were acquired with a Leica DMII Fluorescence microscope using 20X 

magnification. 
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5.4 Discussion 

In order to investigate the roles of PrKD in chemokine signalling, we examine 

different chemokine-induced cellular responses using two different pan-PrKD 

small molecule inhibitors, CID755673 and CID2011756, which target all three 

isoforms of PrKD. In general, small molecule inhibitors are cell permeable that 

enter the cell along a concentration gradient and exert inhibitory effects to 

intracellular target proteins. As mentioned previously, PrKD is localised in various 

intracellular compartments, such as nucleus, mitochondria, trans-golgi network 

and cytoplasm (Fu and Rubin, 2011). In contrast to monoclonal antibodies that 

normally target cell surface proteins only, small molecule inhibitors would be ideal 

for biochemical study on PrKD signalling (Lv et al., 2021). 

 

CID755673 is a potent non-ATP competitive inhibitor selective to PrKD (Sharlow 

et al., 2008). According to the IC50 values from the literature, CID755573 

demonstrates selective PrKD inhibition in the low nM range, compared to other 

protein kinases including PKC, CAK, PLK1, CAMKIIa and AKT (Sharlow et al., 

2008) (Table 5.2). Regarding its effect on cellular activity, CID755673 has been 

shown to inhibit cell proliferation and migration in prostate cancer cells (Sharlow 

et al., 2008). Another PrKD inhibitor, CID2011756, is an analogue designed 

based on the chemical structure of CID755673 (Figure 5.18). The difference is 

that CID2011756 inhibits PrKD in an ATP-competitive fashion and it is cell 

permeable at EC50 of 10 M for PrKD1 inhibition (Sharlow et al., 2011) (Table 

5.2). In respect to the mode of action, both inhibitors were demonstrated to inhibit 

the activation of PrKD1 by suppressing PrKD1 autophosphorylation at Ser916 

using LNCaP cells as experimental model (Sharlow et al., 2011). 
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Table 5.2. IC50 values of protein kinase D inhibitor, (a) CID755673 and (b) 

CID2011756, for different protein kinase targets (adapted from Tocris) 

 

 

 

 

Figure 5.18. Chemical structure and biochemical activity of PrKD 

inhibitors used in our study. (Left) structure of CID755673 with the IC50 

values for the three PrKD isoforms; (right) structure of CID2011756 with the 

IC50 values for the three PrKD isoforms. (Images taken from Gilles et al., 

2021) 

 

As CID755673 is non-ATP competitive inhibitor, it might potentially bind to the 

allosteric sites of protein kinases, instead of the active conformation of protein 

kinases in the ATP pocket. Theoretically, since the binding site of ATP 
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competitive inhibitors is the highly conserved ATP pocket of protein kinases, the 

selectivity of the target against other kinases would be relatively low. On the other 

hand, non-ATP competitive inhibitors targeting outside the ATP pockets are more 

selective with fewer off-target effects, compared to ATP competitive inhibitors 

(Bhullar et al., 2018). Despite high binding specificity of CID755673, its in vitro 

activity was found to be relatively low. Efforts have been made in the optimisation 

of allosteric PrKD inhibitors that demonstrate higher potency in cellular activity 

while retaining high binding specificity (Lavalle et al., 2010) (George et al., 2011). 

Yet, to date, the design of isoform-specific PrKD inhibitors remains to be elusive 

(Gilles et al., 2021). Particularly in the study of the roles of PrKD in cancer, 

accumulating evidence has revealed the opposing effects of the three PrKD 

isoforms in different cancer types (X. Zhang et al., 2021). Given that novel PrKD 

modulator selectively inhibiting specific isoforms of PrKD, it could potentially block 

the function of tumour-promoting isoform while remain tumour-inhibiting isoform 

functioning.  

 

In respect to the effects of PrKD inhibitors on chemokine-induced intracellular 

Ca2+ release, our findings showed that CCL3-induced Ca2+ release is reduced by 

PrKD inhibitors in both THP-1 and MCF-7 cells, while reduction in CXCL12-

induced Ca2+ release by PrKD inhibitors is only seen in MCF-7 cells. As shown in 

Chapter 3, relatively low level of cell surface CXCR4 is expressed in THP-1 

compared to MCF-7 cells. This is one of the possibilities to elucidate less 

significant response to CXCL12 stimulation in THP-1 cells. A slight increase in 

CXCL12-induced intracellular Ca2+ release by PrKD inhibitor in THP-1 cells might 

be caused by non-specific effects of the inhibitors. Overall, the results imply that 

PrKD might be involved in regulating intracellular Ca2+ release for downstream 

signalling mediated by CCL3 for both MCF-7 and THP-1 cells and CXCL12 for 

MCF-7 cells only. However, this could need to be investigated further before a 

conclusion could be drawn due to potential false positive results caused by non-

specific effects of the inhibitors. 

 

A study from our group previously reported that several specific PKC inhibitors, 

rottlerin and Go6976, deplete intracellular Ca2+ store stores independent of 

receptor activation, leading to false positive results due to non-specific effects 

(Moyano Cardaba et al., 2012). It was revealed that PKC activation is not crucial 
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for CCL3-induced intracellular Ca2+ release although the PKC inhibitors exhibit 

inhibitory effects on Ca2+ release (Moyano Cardaba et al., 2012). Same for PrKD 

inhibition, preliminary experiments are necessary to examine whether Ca2+ 

responses are independent of chemokine stimulation. This can be determined by 

treatment with thapsigargin following treatment of PrKD inhibitors, instead of 

addition of chemokine ligands. Thapsigargin is a type of ER stress-inducing 

agent, which irreversibly inhibits the sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA) (Yoshino et al., 2017). Previous literature has reported that thapsigargin 

induces Ca2+ release from the intracellular Ca2+ stores (Buckley and Whorton, 

1997). Considering that no change in intracellular Ca2+ release is observed in the 

preliminary experiment described above, it can eliminate the possibility of 

chemokine-independent Ca2+ responses. 

 

In the aspect of cell migration, multiple lines of evidence have indicated that PrKD 

is involved in regulating cell migration through interactions with downstream 

substrates that are either promoters or suppressors in cell migration (Roy et al., 

2017). In the process of tumorigenesis, malignant cells enhance motility by 

downregulating the expression of PrKD1 and upregulating the expression of 

PrKD2 and PrKD3 (LaValle et al., 2012; Roy et al., 2017; Storz, 2018). PrKD1 

has been proposed to function as a negative regulator in cell motility to maintain 

epithelial phenotype through multiple mechanisms including various substrates, 

such as PAK4 (Döppler et al., 2014), SSH1L (Peterburs et al., 2009), Snail (Zou 

et al., 2012), E-cadherin (Jaggi et al., 2005) and β-catenin (Du et al., 2009). In 

contrast, PrKD2 and 3 acts in an opposite manner that positively regulate cell 

migration. A study on invasive prostate cancer showed that PrKD2 and PrKD3 

phosphorylate IKKβ, which is responsible for nuclear activation of NF-κB and 

deactivation of HDAC1 (Zou et al., 2012). In respect to actin cytoskeletal 

rearrangement, PrKD3 was demonstrated to phosphorylate G-protein-coupled 

receptor kinase-interacting protein 1 (GIT1), which is critical in the regulation of 

cell spreading by interacting with F-actin network (Huck et al., 2012). In addition, 

PrKD3 was found to be constitutively active in invasive breast cancer cells. The 

basal activity of PrKD3 is sufficient to mediate PAK/LIMK signalling independent 

of SSH1L contributing to over-activation of the cofilin activity cycle and 

consequently promoting cell migration (Döppler et al., 2014). 

 



 263 

From our results in the chemotaxis assay, both PrKD inhibitors significantly block 

chemotaxis towards CXCL12 in both Jurkat and THP-1 cells. This implies that 

PrKD might be involved in CXCL12-induced chemotaxis. More specifically, PrKD 

can be either a positive or negative regulator in cell migration, dependent of the 

isoforms. As the PrKD inhibitors we used are not isoform specific, our finding 

showed the generalised effects of all of three PrKD isoforms in chemotaxis driven 

by CXCL12. More targeted investigations, for example using transfection of 

isoform-specific PrKD siRNA, are required for understanding the isoform-specific 

mechanisms of PrKD in CXCL12-induced chemotaxis. 

 

In addition, within the actin branching system, PrKD was revealed to selectively 

co-localise with F-actin at the leading edge of migrating cells, instead of with 

stress fibre at the tail (Eiseler et al., 2007). Particularly, PrKD was found to 

stabilise the proteins essential for filopodia formation, ARP3 and cortactin 

(Bowden et al., 1999; Eiseler et al., 2007). PrKD potentially prevent the 

phosphorylation of cortactin by serine/threonine kinases that promote N-WASP 

activation and enhance binding capacity to F-actin (Eiseler et al., 2007). This 

implies that PrKD acts as a negative regulator in cell migration by stabilising the 

cortical actin network (Eiseler et al., 2007). 

 

In immunofluorescence staining of F-actin, we observed that both PrKD inhibitors 

induce change in actin cytoskeletal rearrangement and increased cell surface 

area that favours cell migration in non-invasive MCF-7 and invasive MDA-MB-

231 breast cancer cells. Our findings are consistent with a study on PrKD 

knockout-breast cancer cells using siRNA transfection, demonstrating that 

knockdown of PrKD reduces cofilin phosphorylation, inducing more spreading in 

cell morphology that promotes chemotactic migration (Peterburs et al., 2009). 

Similar findings were observed by another study using another PrKD inhibitor, 

CRT0066101 (Borges et al., 2015). Mechanistically, in the activation of cofilin, 

inactive form of phosphorylated cofilin is dephosphorylated by chronophin and 

the members of Slingshot (SSH) family, Slingshot 1 like (SSH1L), Slingshot 2 like 

(SSH2L) and Slingshot 3 like (SSH3L) (Niwa et al., 2002; Ohta et al., 2003). 

Particularly, SSH1L is activated by Rac1 within F-actin-rich structures at the 

leading edge of migrating cells (Nagata-Ohashi et al., 2004). PrKD has been 

found to inactivate the activity of SSH1L by direct phosphorylation of Ser937 and 
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978, leading to interaction with 14-3-3 proteins (Peterburs et al., 2009). 

Consequently, cofilin remains to be inactive in phosphorylated form. Together 

with the above findings, it implies that PrKD is a critical regulator of the signalling 

network of cofilin via direct phosphorylation of SSHL1, acting as a negative 

promoter of cell migration through regulating actin rearrangement (Figure 5.19) 

(Borges et al., 2015; Peterburs et al., 2009).  

 

Yet, it is noteworthy that migration might not correlate to SSH1L-dependent actin 

rearrangement in some cell lines. A study reported that SSH1L depletion 

increased cofilin phosphorylation, leading to significant reduction in migration in 

invasive MDA-MB-231 cells. However, migration of MCF-7 cells was not affected 

by SSH1L depletion, indicating that non-invasive MCF-7 cells with low migratory 

potential is not dependent of SSH1L (Peterburs et al., 2009). Alternatively, 

evidence from previous studies supported that activation of the complex of N-

WASP and Arp2/3 though Rac1 and Cdc42 proteins is predominant in cell 

migration in MCF-7 cells, which is independent of SSH1L (Mills et al., 2018; Y. 

Zhang et al., 2019). Rac1 or Cdc42 induce the Arp2/3 complex, which mediates 

actin nucleation in the formation of filopodia at the leading edge (Narumiya et al., 

2009). 

 

Furthermore, we also investigated potential interactions of PrKD with two other 

critical proteins, ROCK and Arp2/3, in the regulation of actin rearrangement. Each 

of the PrKD inhibitors, CID755673 or CID2011756, was used in combination with 

a ROCK inhibitor, Y27632, and an Arp2/3 inhibitor, CK666 respectively, in order 

to examine any changes in effect by ROCK inhibition or Arp2/3 inhibition in 

addition to PrKD inhibition.  

 

For co-inhibition of ROCK and PrKD, our findings imply that PrKD and ROCK 

mediates downstream signalling in separate pathways as the effects by PrKD 

inhibition were not affected by ROCK inhibition. PrKD potentially might not be 

involved in RhoA/ROCK/MLC pathway responsible for actin contractibility at the 

contractile tail of migrating cells. As proposed by previous literature, PrKD 

preferentially regulates cofilin phosphorylation through phosphorylation of PAK 

(Döppler et al., 2014) and SSH1L (Peterburs et al., 2009), in order to prevent the 

formation of lamellipodia at the leading edge of migrating cells (Figure 5.19). 



 265 

 

Figure 5.19. Signalling mechanisms in the regulation of cytoskeleton 

dynamics in migrating cells. Schematic diagram showing the interactions 

of PrKD (annotated in red) with actin-regulating proteins, including PAK 

(Döppler et al., 2014), SSH1L (Peterburs et al., 2009) and cortactin (Eiseler 

et al., 2007), proposed by previous literature. This illustrates that PrKD is 

preferentially involved in the pathways contributing to the formation of 

lamellipodia and filopodia formation at the leading edge of migrating cells, 

over regulation of actin contractibility at the contractile tail (Image created 

with BioRender.com). 

 

With respect to co-inhibition of Arp2/3 and PrKD, we observed that the effects of 

PrKD causing more spreading morphology are overridden by the effects of 

CK666 under basal conditions in the absence of chemokine stimulation. In the 

chemokine-stimulated samples, the observation of elongated morphology is 

dependent of CCL3 or CXCL12 stimulation, but independent on PrKD inhibition. 

A study previously demonstrated that PrKD inactivates cortactin through 

phosphorylation and consequently reduce lamellipodia formation (Figure 5.20) 

(Eiseler et al., 2010). Cortactin has been known to interact with the WASP2-

Arp2/3 complex responsible for filopodia and lamellipodia formation (Carlier et 

al., 2000). Taken together, PrKD is potentially an upstream regulator that 

prevents the formation and activation of WASP2/cortactin/Arp2/3 complex, 

leading to inhibition of lamellipodia and filopodia formation. Inhibition of PrKD 

allows activated cortactin to activate Arp2/3, promoting lamellipodia and filopodia 

formation through the WASP2/Arp2/3 complex. Together with Arp2/3 inhibition, 
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the formation of lamellipodia and filopodia is blocked which explains less 

elongated morphology observed. On the other hand, co-inhibition of Arp2/3 and 

PrKD in chemokine-stimulated cells are less prone to be affected by the inhibition 

of Arp2/3 as chemokine activation by chemokine stimulation could mediate an 

alternative pathway, which is cofilin activation through PAK/LIMK (Edwards et al., 

1999). This pathway is also involved in the formation of lamellipodia at the leading 

edge of migrating cells, which replenish the inhibitory effect by CK666 (Figure 

5.20). 
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Figure 5.20. Signalling pathway of cortactin/WASP/Arp2/3 in the 

regulation of actin cytoskeletal rearrangement. Schematic diagram 

showing the potential outcomes from the cortactin/WASP/Arp2/3 pathway 

in three conditions under the intervention of PrKD: (a) no inhibitor treatment; 

(b) in the treatment of PrKD inhibitor; (c) in the combined treatment of PrKD 

inhibitor and CK666, based on our findings together with evidence from 

previous literature (Carlier et al., 2000; Edwards et al., 1999; Eiseler et al., 

2010) (Image created with BioRender.com). 

 

In the aspect of the involvement of PrKD in the pathways of receptor 

internalisation, there is a lack of research investigating the roles of PrKD specific 



 268 

to chemokine signalling despite a number of studies reporting that PrKD is a key 

player in internalisation of ion channels plasticity (Fang et al., 2015; Morales et 

al., 2020). We hypothesised that PrKD potentially either interacts with other 

intracellular kinases or directly facilitate chemokine-induced receptor through 

phosphorylation. From our findings, no blocking effect on CCL3-induced CCR5 

internalisation and CXCL12-induced CXCR4 internalisation was observed in 

MCF-7 and Jurkat cells with PrKD inhibition. This implies that PrKD is not the only 

protein kinase that regulates chemokine receptor internalisation or might not be 

involved in chemokine-induced receptor internalisation in MCF-7 and Jurkat cells. 

As proposed by previous literature, other kinases, such as GRKs and PKC, are 

also involved in facilitating chemokine receptor internalisation through receptor 

phosphorylation in clathin-dependent pathway (Borroni et al., 2010). Receptor 

phosphorylation by intracellular kinases is not necessary in the activation of 

caveolae pathway independent of clathrin (Parton and Howes, 2010). This might 

reflect that inhibition of PrKD does not affect CXCR4 internalisation in Jurkat cells 

possibly due to clathrin-independent receptor internalisation pathway adapted. In 

addition, it should be noted that pan-PrKD inhibitors, which inhibit all three 

isoforms of PrKD, were used in our study. Thus, the effects seen were 

generalised, not isoform specific. As the three isoforms of PrKD could mediate 

opposing effects on cellular responses, our results might not represent an 

accurate role of each PrKD isoform. Instead, PrKD has been shown to be 

involved in regulating receptor recycling by interacting with Rab5, leading to 

recycling of v3 integrin to the leading edge of migrating cells that promotes cell 

migration (Christoforides et al., 2012). As receptor recycling or degradation is a 

continuous process following internalisation, the isoform-specific roles of PrKD in 

chemokine receptor recycling and degradation would be a potential aspect in the 

study of chemokine-induced cell migration once a more targeted experimental 

methodology has been established. 

 

Furthermore, we attempted to knock down PrKD2 using plasmid DNA containing 

an insert of PrKD2 shRNA in the development of a more targeted experimental 

approach for the study of isoform-specific roles of PrKD. Although the yield of 

successfully transfected cells was insufficient for cellular response experiments 

and quantification of receptor expression, we performed live cell staining using 

LysoTrack to assess the change in endosomal acidification following CXCL12 
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stimulation in transfected MCF-7 cells. Our observations suggested that PrKD2 

might not be involved in endosomal sorting of internalised receptor following 

CXCL12 stimulation in MCF-7 cells. However, the finding is provisional and 

inconclusive as troubleshooting should be done to optimise the methodology for 

higher yield of transfected cells. 

 

5.5 Chapter conclusions 

The final conclusions to be drawn from this chapter are: 

 

1. In MCF-7 cells, PrKD is involved in intracellular Ca2+ mobilisation induced 

by CCL3 or CXCL12. In THP-1 cells, PrKD is only involved in CCL3-

induced intracellular Ca2+ mobilisation. 

2. PrKD plays a role in CXCL12-stimulated chemotaxis in Jurkat and THP-1 

cells. 

3. In MCF-7 cells, PrKD inhibition induces increase in cell surface area and 

elongated cell morphology in the absence of chemokine stimulation, 

potentially associated with Arp2/3 but not ROCK.  

4. PrKD preferentially regulate actin nucleation and polymerisation at the 

leading edge, other than actin contractibility at the contractile tail of 

migrating cells. In general, PrKD acts as negative regulator in actin 

cytoskeletal rearrangement involved in cell migration. 

5. PrKD is not directly involved in CCL3-induced CCR5 internalisation in 

MCF-7 cells or CXCL12-induced CXCR4 internalisation in MCF-7 and 

Jurkat cells. 
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Table 5.3. Summary of the involvement of protein kinase D (PrKD) in cellular responses in different cancer cell lines 

 

Cellular response Cell 

line 

Chemokine 

stimulation 

PrKD involved? † 

Intracellular Ca2+ 

mobilisation 

MCF-7 CCL3 Yes 

CXCL12 Yes 

THP-1 CCL3 Yes 

CXCL12 No 

Chemotaxis Jurkat  CXCL12 Yes 

THP-1 CXCL12 Yes 

Actin cytoskeletal 

change 

MCF-7 No stimulation  

(Basal) 

Yes* (Possibly acting as a negative regulator in actin cytoskeletal change 

involved in cell migration) 

CCL3  Inconclusive (due to synergistic effect of the PrKD inhibitors**) 

CXCL12 Inconclusive (due to synergistic effect of the PrKD inhibitors**) 
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Receptor 

internalisation 

MCF-7 CCL3 Not directly involved 

CXCL12 Not directly involved 

Jurkat  CXCL12 Not directly involved 

Endosomal 

sorting 

MCF-7 CXCL12 No (PrKD2) † 

 

†Notes: PrKD represents all isoforms of PrKD, including PrKD1, PrKD2 and PrKD3, as PrKD inhibitors used in our study target all isoforms. 

Except for the study of endosomal sorting, the findings represent PrKD2 only by using shRNA transfection approach to knock out PrKD2. 

 

*Possible hypothesis from our findings together with evidence from previous literature: 

• PrKD potentially is an upstream negative regulator of cortactin as the role of PrKD in regulating actin cytoskeletal change is associated 

with Arp2/3.  

• Inhibition of PrKD could recover the activation of cortactin, which in turn forms a complex with WASP/Arp2/3, leading to the formation of 

lamellipodia and filopodia at the leading edge of migrating cells. As a result, cells appear to be more spreading and prone to promoting 

cell migration under the inhibition of PrKD. 

**Synergistic effect of PrKD inhibitors was observed as elongated cell morphology with increased cell surface area was observed in the 

treatment of PrKD inhibitor alone without chemokine stimulation. Similar observations were seen cells treated with PrKD inhibitor and 

stimulated with chemokines. 
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Chapter 6: Final discussion and thesis 

conclusion 

 

In this thesis, we explored the involvement of chemokine signalling in the aspects 

of receptor internalisation and downstream pathways contributing to cancer cell 

migration, mainly focusing on CCL3-CCR5 and CXCL12-CXCR4 signalling axes. 

Our aim is to characterise common cancer cell lines potentially useful for 

preliminary research and drug target screening in the field of chemokine and 

understand the specific roles of downstream effectors for the design of targeted 

cancer drugs. Overall, the conclusions are as follows: 

 

1. Different cancer cell lines display distinct endogenous expression profile 

of chemokine receptors, which is one of the main determinants in the 

choice of cell line as an experimental model in the study of chemokine 

signalling. Based on the abundance of endogenously expressing 

chemokine receptors, breast cancer MCF-7 cells are ideal as a model 

system for the investigation of CXCL12-CXCR4 and CCL3-CCR5 

signalling. Another cell line, leukaemic Jurkat cells, are also good for 

investigating CXCL12-CXCR4 signalling. 

2. Cellular responses mediated by chemokine stimulation are specific to cell 

types and chemokine ligands. Some chemokine-induced responses might 

be more significant in some cell types than others due to two main factors: 

(1) expression level of chemokine receptor involved; (2) which signalling 

pathway is predominately activated in the cells. 

3. The endocytic pathway, either clathrin-dependent or caveolae-dependent, 

utilised by chemokine receptors is specific to different cell types and 

chemokine ligands following chemokine stimulation. CXCL12-induced 

CXCR4 internalisation is caveolae-dependent in Jurkat cells, whereas 

CCL3-induced CCR5 internalisation is not dependent of clathrin in MCF-7 

cells. 

4. Caveolin-1 (Cav-1) is expressed in MCF-7 and Jurkat cells intracellularly. 

CXCL12 stimulation mediates translocation of Cav-1 proteins towards the 

leading edge of the cells. Previous studies revealed that caveolae are also 



 273 

involved in chemotaxis apart from receptor internalisation. Movement of 

Cav-1 proteins might not necessarily reflect their involvement in receptor 

internalisation. 

5. Dynamin-2 (Dyn-2) is involved in CCL3-induced CCR5 internalisation and 

CXCL12-induced CXCR4 internalisation in MCF-7 cells. Previous studies 

showed that Dyn-2 play a role in both clathrin-dependent and caveolae-

dependent pathways. The pathways of receptor internalisation might not 

be deduced by the involvement of Dyn-2. 

6. Arrestin-2 (Arr-2) might be involved in G-protein independent pathway in 

the stimulation of CCL3, whereas arrestin-3 (Arr-3) might be involved in 

CXCR4 internalisation dependent of dynamin following CXCL12 

stimulation in MCF-7 cells. Arr-2 constructs translocate from the nucleus 

to the plasma membrane independently of dynamin following CCL3 

stimulation, while Arr-3 constructs translocate towards the nucleus 

dependently of dynamin following CXCL12 stimulation. 

7. Protein kinase D (PrKD) is involved in Ca2+ signalling mediated by CCL3 

and CXCL12 stimulation in MCF-7 and THP-1 cells. Inhibition of PrKD 

reduces intracellular Ca2+ change following CXCL12 stimulation in MCF-7 

cells and CCL3 stimulation in MCF-7 and THP-1 cells. 

8. PrKD activation is essential for CXCL12-induced chemotaxis in Jurkat and 

THP-1 cells. PrKD inhibition blocks migration of Jurkat and THP-1 cells 

along CXCL12 concentration gradient. 

9. Basally expressed PrKD acts as a negative regulator in actin cytoskeletal 

rearrangement in MCF-7 cells. PrKD inhibition causes increased cell 

surface area and elongated morphology in MCF-7 cells in the absence of 

chemokine stimulation. 

10. PrKD does not directly regulate chemokine-induced receptor 

internalisation in MCF-7 and Jurkat cells. PrKD inhibition does not affect 

CCL3-induced CCR5 internalisation in MCF-7 cells and CXCL12-induced 

CXCR4 internalisation in both MCF-7 and Jurkat cells. 

 

The aim of the thesis is to investigate chemokine-induced signalling pathways 

specific to individual cell type using cancer cell lines endogenously expressing 

chemokine receptors. Genetically modified cell lines by transfection of receptor 

of interest were avoided in our study as transfection of receptor might bypass 
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normal regulation of expression levels in the cell system. Physiological irrelevant 

cellular responses may result from the artefacts of overexpressed receptors. As 

discussed in the introduction, chemokine signalling is highly context-dependent 

and the complexity of biased signalling might contribute to different responses in 

different cancer cell types. Determination of biased signalling specific to cancer 

type is a novel approach to design targeted cancer therapy, in order to eliminate 

undesirable side effects by activating certain pathways but not others in specific 

type of cancer. 

 

Prior to investigation of mechanisms underlying chemokine signalling pathways 

involved, we characterised the cell surface expression profile of chemokine 

receptor in a selection of commonly used cancer cell lines. Unlike cell lines 

exogenously expressing receptor of interest, endogenous expression level of 

chemokine receptors could vary across different patient-derived cancer cell lines 

representing different cancer types. It is not ideal to investigate further with cell 

lines expressing relatively low level of the receptor of interest as the cellular 

responses will be less likely to be reproducible. Our findings identified that breast 

cancer MCF-7 cells are a good study model for CCR5 and CXCR4 signalling, and 

leukaemic Jurkat cells are another useful model for CXCR4 signalling 

(conclusion 1). Both cell lines generally generate reproducible responses in 

most functional assays with very few variations from different phases of cell cycle 

in cell culture. For leukaemic THP-1 and invasive breast cancer MDA-MB-231 

cells, our study found inconsistent responses in some functional assays due to 

batch-to-batch variations and experimentation at different phases of cell cycle. 

 

As part of functional studies for chemokine signalling, we determined intracellular 

Ca2+ signalling in the stimulation of CCL3 and CXCL12 using Ca2+ mobilisation 

assay. As Gq-coupled signalling specifically leads to Ca2+-involved signalling, our 

findings imply that CCL3-CCR5 signalling preferentially activates Gq-coupled 

signalling in MCF-7 and THP-1 cells. We also observed that Jurkat and MDA-

MB-231 cells are less likely to generate intracellular Ca2+ release in response to 

chemokine stimulation, implying that alternative pathways independent of Ca2+ 

signalling might be involved (conclusion 2). Apart from Ca2+ mobilisation assay, 

other functional assays can be done to determine the involvement of G-protein 



 275 

dependent and G-protein independent signalling pathways in the stimulation of 

chemokine. 

 

In the activation of chemokine receptor coupled to Gs, intracellular cAMP level 

is increased by the action of adenylyl cyclases (ACs). On the other hand, 

activation of chemokine receptor coupled to Gi negatively regulate the 

conversion of ATP to cAMP by ACs, and reduction in cAMP level is resulted 

(Wang et al., 2004). cAMP regulates the activity of cAMP-dependent protein 

kinase A (PKA), contributing to various downstream cellular processes (Wang et 

al., 2004). Hence, cAMP is a good indicator in the study of chemokine signalling 

associated with Gs and Gi proteins. cAMP assay is to measure the cellular levels 

of cAMP which are dependent on the activity of ACs regulated by chemokine 

receptor coupled to Gs or Gi protein (Wang et al., 2004). Particularly in the 

investigation of Gi coupled receptors, an additional step to pre-stimulate ACs 

with forskolin is required to inhibit the response from the stimulation of chemokine 

ligands by the measurement of reversal effects of chemokine ligands on cAMP 

levels (Wang et al., 2004). cAMP assays are generally based on the use of 

antibodies that specifically recognise intracellular cAMP and exogenous labelled 

cAMP conjugate by detection of labelled cAMP using fluorescence or luciferase-

based detection technology (Zhang and Xie, 2012). The latest detection methods 

using homogenous time-resolved fluorescence (HTRF) and bead-based 

proximity chemiluminescence have improved the sensitivities useful for cells 

expressing low levels of receptors (Zhang and Xie, 2012). 

 

For Gq protein-dependent signalling, apart from Ca2+, IP3/IP1 is key signalling 

transducer. Following stimulation of chemokine receptor coupled to Gq protein, 

phospholipase C (PLC) is activated and in turn hydrolyses phosphatidylinositol 

bisphosphate (PIP2) to form inositol 1,4,5-triphosphate (IP3) and DAG. IP3 

activates the IP3-gated ion channels on the endoplasmic reticulum (ER) resulting 

in an efflux of Ca2+ from the ER to the cytoplasm as a result of increase in 

intracellular Ca2+. In the meantime, IP3 is hydrolysed to IP2 and then to IP1, 

eventually to inositol rapidly after activation of IP3-gated ion channel (Stephens 

et al., 1994). In the detection of IP1, the latest homogenous TRF assay is based 

on the measurement of reduction in energy transfer between the acceptor IP1 and 

a europium-conjugated IP1 antibody since the accumulation of cellular IP1 from 
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the enzymatic reactions of IP3 replaces the acceptor IP1 in binding the IP1 

antibody (Zhang and Xie, 2012). This can be used as supportive evidence from 

Ca2+ mobilisation assay. 

 

In addition, more generalised GTPS binding assay can also be used to 

determine Gq and Gs protein-dependent signalling (Harrison and Traynor, 

2003). Following dissociation of Gα from the Gαβγ heterotrimer, the G protein 

heterotrimer is reformed by the conversion of Gα-GTP back to Gα-GDP by the 

GTPase activity. The GTPγS assay measures the guanine nucleotide exchange 

of G proteins by determining the binding of the non-hydrolyzable analog 

[35S]GTPγS to Gα subunits (Harrison and Traynor, 2003). 

 

For G protein-dependent signalling, G mediates Raf GTPase to induce the 

activation of MAPK/ERK cascade (Gutkind, 1998). Phosphorylated ERK1/2 (p-

ERK1/2) can be measured by western blot analysis traditionally (Garbison et al., 

2004). Using bead-based proximity chemiluminescence, immuno-sandwich 

capture of endogenous p-ERK1/2 in cell lysates can be detected by the close 

proximity of donor and acceptor beads without the requirement of wash steps 

(Garbison et al., 2004). 

 

 

Figure 6.1. Key downstream signalling transducers involved in the 

stimulation of Gs, Gi, Gq and G proteins. Gs activates ACs and 

converts ATP to cAMP. Gi negatively regulate ACs to reduce the 

production of cAMP. Gq activates PLC and in turn hydrolyses PIP2 to form 

IP3 and DAG. IP3 activates the IP3 receptor on the endoplasmic reticulum 

(ER) resulting in an efflux of Ca2+ from the ER to the cytoplasm and an 
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elevation of intracellular Ca2+. G mediates Raf GTPase to induce the 

activation of MAPK/ERK cascade. All downstream signalling transducers for 

functional assays are highlighted in red. (Image created with 

BioRender.com) 

 

Alternatively, bioluminescence resonance energy transfer (BRET) is a popular 

technology used recently to study proximity within cells (Pfleger and Eidne, 2005). 

This technology can also be applied to study the investigation of ligand-receptor 

and protein-protein interactions in chemokine signalling. The basis of BRET relies 

on dipole-dipole non-radiative energy transfer from a luciferase energy donor to 

an acceptor fluorophore when a luciferase substrate is oxidised (Pfleger and 

Eidne, 2005). Two proteins of interest are attached to luciferase doner and 

acceptor fluorophore respectively. Energy transfer occurs only when the donor 

and acceptor are within close proximity (<10 nm), which could monitor protein-

protein proximity in a highly specific manner (Pfleger and Eidne, 2005). 

 

The most recent improved version of BRET is known as NanoBRET with increase 

assay sensitivity to enable monitoring protein-protein interactions (PPIs) at lower 

level as commonly seen in physiological relevant cell lines (Mo et al., 2016). The 

components used in NanoBRET assays include luciferase reporter, Nluc, as the 

energy donor with its associated substrate, furimazine, and a GFP variant as the 

energy acceptor (Hall et al., 2012). In addition to the advantage of increased 

luminescence, small sized Nluc is also beneficial to enhance access to targets 

that are difficultly reached and prevent from steric hindrance that might alter 

intrinsic interactions of proteins of interests, compared to conventional version 

(Hall et al., 2012). 

 

Another extended version of NanoBRET, called NanoLuc Binary Technology 

(NanoBiT), has been emerged in the past years and is extensively used to study 

-arrestin recruitment to chemokine receptors and GPCR interactions with G 

proteins (Laschet et al., 2019; Storme et al., 2018; Dixon et al., 2016). This 

improved version resolves the issues of steric hindrance due to large fragrant 

size and alterations to PPIs by intrinsic affinity of complementary fragments from 

previous versions, which could overcome the limitations in the investigation of 

weak PPIs (Dixon et al., 2016). NanoBiT is a Nluc-derived split luciferase reporter 
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system, which comprises an 18 kDa Nluc fragment (LgBiT) and a 1.3 kDa 

fragment (SmBiT) (Dixon et al., 2016). LgBiT exhibits high stability with improved 

expression levels at physiological levels, while SmBiT exhibits low intrinsic affinity 

(KD = 190 μM) with the complementary fragment to prevent from interfering with 

PPIs (Dixon et al., 2016). 

 

NanoBiT complementation assay has been used to monitor GPCR interactions 

with full length G proteins (Gαi, Gαo, Gαs, Gαq, Gα11, Gα12, and Gα13) (Laschet et al., 

2019). It would also be useful to monitor the proximity of isoform-specific G 

protein and chemokine receptor following chemokine stimulation. It should be 

noted that this assay monitors the proximity of receptor-G protein, not measuring 

functionality of G proteins in downstream signalling. Therefore, conducting 

NanoBiT complementary assay in parallel to the functional assays described 

above is necessary in mechanistic study of chemokine signalling. 

 

For the study of -arrestin recruitment, a previous study demonstrates to use an 

optimized system of the A3 receptor C-terminally-tagged with LgBiT and arrestin-

3 (Arr-3) N-terminally-tagged with SmBiT, revealing that phosphorylation of 

intracellular sites is not necessary for Arr-3 recruitment to the A3 receptor (Storme 

et al., 2018). From our study, Arr-2, but not Arr-3, was found to translocate to the 

plasma membrane following CCL3 stimulation in MCF-7 cells, potentially leading 

to G-protein independent signalling (conclusion 6). By utilising NanoBiT 

technology, we could confirm our findings in live cells and would be able to 

monitor the process of -arrestin recruitment in real time. 

 

An attempt has been done by another group using CRISPR-Cas9 to perform a 

BRET assay. This allows the observation of the recruitment of exogenous Arr-3 

to genome-edited CXCR4 fused to Nluc as well as trafficking and internalization 

of CXCR4 (White et al., 2017). Our findings also demonstrated that transfected 

Arr-3 constructs translocate towards the nucleus following CXCL12 stimulation, 

implying that Arr-3 is potentially involved in CXCL12-induced CXCR4 

internalisation (conclusion 6). With the combination of CRISPR/Cas9 genome 

engineering and BRET technologies, we could visualise the whole process of 

CXCR4 internalisation through Arr-3 recruitment. In addition, we also revealed 

that dynamin is associated with Arr-3 recruitment in CXCR4 internalisation 
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(conclusions 5 and 6). The technique might be useful to monitor the proximity 

of the interactions of dynamin-Arr-3 and dynamin-CXCR4 in the combination of 

the application of NanoBiT.  

 

It is noteworthy that HEK293T cells were generally used in most studies applying 

the advanced technology above (Laschet et al., 2019; White et al., 2017), but no 

attempts were done in more physiological relevant patient-derived cancer cell 

lines. There might be potential issues in genome editing of these cell lines for the 

application of BRET technique. Therefore, assay optimisation is required prior to 

conducting the assays described above. If it works for cancer cell lines in our 

study, we could expand the use of CRISPR-Cas9 and BRET to investigate the 

isoform-specific roles of PrKD in chemokine signalling and receptor 

internalisation to confirm our findings using pan-PrKD inhibitors (conclusions 7, 

8, 10). Also, NanoBiT can be applied to monitor potential proximity of the 

interaction of PrKD and cortactin in the regulation of actin cytoskeletal 

rearrangement to confirm our hypothesis implicated by our findings (conclusion 

9) 

 

In the aspect of chemokine-induced chemotaxis, we showed that CXCL12 

stimulation mediates chemotaxis in Jurkat and THP-1 cells and more migration 

was observed in Jurkat cells (conclusion 2). Not all cell lines could be applied to 

the chemotaxis assays in our study due to limitations as stated in Chapter 2. Also, 

the assays are not physiological relevant. Therefore, we did not progress further 

using chemotaxis assays.  

 

The chemotaxis assay employed in our study is based on two-compartment 

design where cells are seeded on the upper compartment and control buffer or 

chemoattractant are added in the bottom compartment. The cells migrate towards 

the bottom compartment within the concentration gradient. Quantitative data 

generated in our assay is based on count of cells that have migrated to the bottom 

chemoattractant compartment in a fixed incubation time. However, the change in 

concentration gradient over time is unknown with this end-point analysis.  

 

A recent study designed a chamber for the study of chemotaxis, providing stable 

chemoattractant concentration gradients for at least 24 hours especially for slow 
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migrating cells and gradients of different steepness with defined directions. Most 

importantly, the chamber allows direct visualisation of cell migration using time-

lapse microscopy (Muinonen-Martin et al., 2010). Apart from quantification of 

migrating cells, real time visualisation is necessary for distinguishing directional 

chemotaxis from random chemokinesis, providing more detailed information on 

cell behaviour. The chamber is a revised version of commercially available bridge 

chambers. It comprises of a viewing bridge, chemoattractant well, buffer/control 

well and cover slip support. The small gap between the bridge and the cover slip 

where cells are seeded are small but large enough to allow diffusion of the 

chemoattractant. The main features differing from the conventional chamber is 

the differing widths of the two bridges with different gradient steepnesses and the 

unidirectional directions of two chemotactic gradients across each bridge 

(Muinonen-Martin et al., 2010). Also, the cover slip is compatible for an inverted 

time-lapse microscopy (0.16–0.18 mm) (Muinonen-Martin et al., 2010). Using 

time-lapse microscopy, multi-steps of the motility cycle, such as lamellipodia 

protrusion and detachment of the rear of the cells, can be observed within the 

cover slip. This device will provide more detailed information to support our 

findings on visualisation of actin cytoskeletal change using phalloidin F-actin stain 

if it works in the cancer cell lines in our study. In addition, our study showed PrKD 

inhibition causes increased cell surface area and elongated morphology in MCF-

7 cells (conclusion 9). We could then investigate further the effects of PrKD on 

actin cytoskeletal rearrangement in the regulation of cell migration using this 

chemotaxis device.  
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Figure 6.2. Revised version of bridge chemotaxis chamber (Insall). 

Schematic diagram showing the components and layout of Insall 

chemotaxis chamber. (a) Chamber with front or reverse side 

chemoattractant loading with no requirement for metal clips. After loading of 

chemoattractant, cover slips are sealed in place with a 1∶1 mix of vaseline: 

paraffin, producing a tight seal that reduces the risk of evaporation during 

experiments over several hours. (b) Cross section of the Insall chamber 

highlighting a feature of thin (0.16–0.18 mm) cover slips that permit 

visualisation under high NA oil immersion microscopy. Wide bridge and 

narrow bridge provide different gradient steepnesses. (c) Schematic 

diagram demonstrating unidirectional flow of the two chemotactic gradients, 

across each bridge (Image taken from Muinonen-Martin et al., 2010). 

 

With respect to potential translation of our research into clinical uses, therapeutic 

nanomedicines are emerging in anti-cancer target therapy nowadays. 

Investigation of chemokine receptor endocytic pathways would be useful to 

understand how the nanomedicines are uptaken by cancer cells and reach their 
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intracellular targets especially for the design and engineering of chemokine 

receptor-specific drugs. As demonstrated by our findings together with evidence 

supported by previous studies, receptor internalisation pathways are not the 

same for all cancer cell types (conclusion 3) (Neel et al., 2005). Therefore, 

determining the mechanism of receptor endocytosis using specific cancer cell 

lines would facilitate the understanding of the uptake of the chemokine receptor-

targeted nanoparticles into target cell types to improve the efficiency of drug 

delivery and therapeutic activity. Although our findings provided some insights 

into the roles of critical proteins in receptor internalisation, including clathrin, 

caveolae, dynamin and -arrestins (conclusions 3-6), there are still some points 

that are inconclusive without a defined mechanism due to poor specificity of 

inhibitors used in the study. For example, clathrin inhibitor, pitstop 2, was found 

to have non-specific effect for CXCR4 internalisation. Caveolae-depleting agents, 

nystatin and filipin, might cause changes in membrane fluidity that might 

interferes with the endocytic mechanisms investigated (Bolard, 1986). Thus, 

alternative approaches other than using inhibitors should be considered to verfy 

our findings. Knockout of the proteins of interest or expression of dominant-

negative inhibitors could be an option to overcome the off-target effects of the 

inhibitors. For instance, caveolin-1 or cavin1 knockout can be done for caveolae-

dependent pathway (Gilleron et al., 2013; Pelkmans et al., 2001), while clathrin 

knockout cells can be used for clathrin-dependent pathway (Gilleron et al., 2013; 

Liu et al., 1998). However, caution should be taken when the endocytic pathways 

may share protein components. For example, dynamin-2 is involved in both 

clathrin-dependent and caveolae-dependent pathways (Nichols and Lippincott-

Schwartz, 2001; Liu et al., 2010). Therefore, validation step is crucial to avoid 

interfering between pathways. 

 

In addition, internalisation is only the first step and the trafficking of endocytosed 

nanoparticles in the cytosol to the intracellular target should also be considered 

in design of therapeutic nanoparticles. Different endosomal compartments with 

different mechanisms were found to be involved in different endocytic pathways 

(Eyster et al., 2009). This could influence the fate of therapeutic nanoparticles. 

Hence, investigation of specific endosomal compartments involved in receptor 

trafficking is also necessary in the next stage. 
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Appendix 1 

 

 

Figure A1. Protein synthesis inhibitor, cycloheximide, is toxic in MCF-

7 and Jurkat cells following 72 hours incubation while the trend of 

toxicity following 24 hours incubation is less significant. (a, c) MCF-7; 

(b, d) Jurkat cells were incubated with cycloheximide in a range of 

concentrations (10 g/mL, 5 g/mL, 2.5 g/mL, 1 g/mL, 0.5 g/mL and 

0.25 g/mL) diluted in the inhibitor vehicle (1% DMSO) for (a, b) 72 hours 

or (c, d) 24 hours, where negative control contains cell culture media only 

and positive control contains cells treated with 1% DMSO only. Percentage 

of cell viability was calculated relative to the absorbance reading of the 

positive control in the MTS assay. Data shown represent the mean  SEM 

of at least 3 independent experiments. Kruskal-Wallis test with Dunn’s 

multiple comparisons test as post-hoc test, *** = p≤ 0.001. 
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Appendix 2 

 

 

Figure A2. Caveolae-blocking agents, filipin and nystatin, have no 

toxicity in MCF-7 and Jurkat cell. (a, c) MCF-7; (b, d) Jurkat cells were 

incubated with (a, b) filipin (10 g/mL, 5 g/mL, 2.5 g/mL, 1 g/mL and 0.5 

g/mL) or (c, d) n 

nystatin (100 g/mL, 50 g/mL, 25 g/mL, 10 g/mL and 5 g/mL) diluted 

in the inhibitor vehicle (1% ethanol) for 72 hours, where negative control 

contains cell culture media only and positive control contains cells treated 

with 1% ethanol only. Percentage of cell viability was calculated relative to 

the absorbance reading of the positive control in the MTS assay. Data 

shown represent the mean  SEM of at least 3 independent experiments. 

Kruskal-Wallis test with Dunn’s multiple comparisons test as post-hoc test, 

n.s. = not significant. 
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Appendix 3 

 

 

Figure A3. Clathrin inhibitor, pitstop 2, and negative control for pitstop 

2 (pitstop 2 negative) have no toxicity in MCF-7 and Jurkat cell. (a) 

MCF-7; (b) Jurkat cells were incubated with 30 M Pitstop 2 and 30 M 

pitstop 2 negative diluted in the inhibitor vehicle (1% DMSO) for 24 hours, 

where negative control contains cell culture media only and positive control 

contains cells treated with 1% DMSO only. Percentage of cell viability was 

calculated relative to the absorbance reading of the positive control in the 

MTS assay. Data shown represent the mean  SEM of at least 3 

independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. 
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Appendix 4 

 

 

Figure A4. Dyn-2 inhibitors, Dyngo-4a and Dynasore have no toxicity 

in MCF-7 and Jurkat cell. MCF-7 cells were incubated with (a) 80 M 

Dyngo-4a or (b) 80 M Dynasore diluted in the inhibitor vehicle (1% DMSO) 

for 7 hours, where negative control contains cell culture media only and 

positive control contains cells treated with 1% DMSO only. Percentage of 

cell viability was calculated relative to the absorbance reading of the positive 

control in the MTS assay. Data shown represent the mean  SEM of at least 

3 independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. (Data for Dyngo-4a 

acquired by Hamshaw I.) 
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Appendix 5 

 

 

Figure A5. PrKD inhibitor, CID755673, is toxic in MCF-7 cells at 20 M 

with a trend of toxicity at lower concentrations, while no toxicity was 

observed in MDA-MB-231 cells across all tested concentrations. (a) 

MCF-7; (b) MDA-MB-231 cells were incubated with CID755673 in a range 

of concentrations (20 M, 10 M, 5 M, 2.5 M and 1 M) diluted in the 

inhibitor vehicle (1% DMSO) for 72 hours, where negative control contains 

cell culture media only and positive control contains cells treated with 1% 

DMSO only. Percentage of cell viability was calculated relative to the 

absorbance reading of the positive control in the MTS assay. Data shown 

represent the mean  SEM of at least 3 independent experiments. Kruskal-

Wallis test with Dunn’s multiple comparisons test as post-hoc test, * = p≤ 

0.05, n.s. = not significant. 
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Appendix 6 

 

 

Figure A6. PrKD inhibitor, CID755673, is not toxic at 10 M in THP-1 

and Jurkat cells. (a) THP-1; (b) Jurkat cells were incubated with 10 M 

CID755673 diluted in the inhibitor vehicle (1% DMSO) for 72 hours, where 

negative control contains cell culture media only and positive control 

contains cells treated with 1% DMSO only. Percentage of cell viability was 

calculated relative to the absorbance reading of the positive control in the 

MTS assay. Data shown represent the mean  SEM of at least 3 

independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. 
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Appendix 7 

 

 

Figure A7. PrKD inhibitor, CID2011756, is toxic in MCF-7 and MDA-MB-

231 cells at 20 M with a trend of toxicity at lower concentrations, while 

no toxicity was observed in MDA-MB-231 cells across all tested 

concentrations. (a) MCF-7; (b) MDA-MB-231; (c) Jurkat; (d) THP-1 cells 

were incubated with CID2011756 in a range of concentrations (20 M, 10 

M, 5 M, 2.5 M and 1 M) diluted in the inhibitor vehicle (1% DMSO) for 

72 hours, where negative control contains cell culture media only and 

positive control contains cells treated with 1% DMSO only. Percentage of 

cell viability was calculated relative to the absorbance reading of the positive 

control in the MTS assay. Data shown represent the mean  SEM of at least 

3 independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, * = p≤ 0.05, n.s. = not significant. 
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Appendix 8 

 

 

Figure A8. PrKD inhibitor, CID2011756, is toxic in MCF-7 cells at high 

concentrations, while the toxicity at 1 M is minimal. MCF-7 cells were 

either left untreated as (a) control or incubated with CID2011756 at (b) 20 

M; (c) 10 M; (d) 5 M; (e) 2.5 M; (f) 1 M diluted in the inhibitor vehicle 

(1% DMSO) for 72 hours, where control contains cells treated with 1% 

DMSO only. Trypan blue 0.4% filtered solution was then added as an 

indicator of the presence of dead cells. Cells stained in blue indicate non-

viable cells with the loss of membrane integrity. Representative images 
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were acquired with a Leica DMII Fluorescence microscope in brightfield 

setting using 20X magnification (n=1 as a validation test for the MTS assay 

shown in Figure A7). 

 

Appendix 9 

 

 

Figure A9. PrKD inhibitor, CID2011756, is toxic in MDA-MB-231 cells at 

high concentrations, while the toxicity at 1 M is minimal. MDA-MB-

231 cells were either left untreated as (a) control or incubated with 

CID2011756 at (b) 20 M; (c) 10 M; (d) 5 M; (e) 2.5 M; (f) 1 M diluted 

in the inhibitor vehicle (1% DMSO) for 72 hours, where control contains cells 
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treated with 1% DMSO only. Trypan blue 0.4% filtered solution was then 

added as an indicator of the presence of dead cells. Cells stained in blue 

indicate non-viable cells with the loss of membrane integrity. Representative 

images were acquired with a Leica DMII Fluorescence microscope in 

brightfield setting using 20X magnification (n=1 as a validation test for the 

MTS assay shown in Figure A7) 
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Figure A10. ROCK inhibitor, Y27632, is not toxic in MCF-7 cells. Cells 

were incubated with Y27632 in a range of concentrations (20 M, 10 M, 5 

M, 2.5 M and 1 M) diluted in the inhibitor vehicle (1% DMSO) for 72 

hours, where negative control contains cell culture media only and positive 

control contains cells treated with 1% DMSO only. Percentage of cell 

viability was calculated relative to the absorbance reading of the positive 

control in the MTS assay. Data shown represent the mean  SEM of at least 

3 independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. 
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Appendix 11 

 

 

Figure A11. Arp2/3 inhibitor, CK666, is not toxic in MCF-7 cells. Cells 

were incubated with Ck666 in a range of concentrations (10 M, 8 M, 5 

M, 4 M and 2.5 M) diluted in the inhibitor vehicle (1% DMSO) for 72 

hours, where negative control contains cell culture media only and positive 

control contains cells treated with 1% DMSO only. Percentage of cell 

viability was calculated relative to the absorbance reading of the positive 

control in the MTS assay. Data shown represent the mean  SEM of at least 

3 independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. 
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Appendix 12 

 

 

Figure A12. Two sets of combinations of inhibitors, CK666 and PrKD 

inhibitor (CID755673 or CID2011756), and Y27632 and PrKD inhibitor 

are not toxic in MCF-7 cells. Cells were incubated with (a) 20 M Y27632 

and 2.5 M CID755673; (b) 20 M Y27632 and 2.5 M CID2011756; (c) 10 

M CK666 and 2.5 M CID755673; (d) 10 M CK666 and 2.5 M 

CID2011756 diluted in the inhibitor vehicle (1% DMSO) for 72 hours, where 

negative control contains cell culture media only and positive control 

contains cells treated with 1% DMSO only. Percentage of cell viability was 

calculated relative to the absorbance reading of the positive control in the 

MTS assay. Data shown represent the mean  SEM of at least 3 
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independent experiments. Kruskal-Wallis test with Dunn’s multiple 

comparisons test as post-hoc test, n.s. = not significant. 
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