
 

TRANSLATIONAL REGULATION OF TARGET 

GENE EXPRESSION BY G3BPs IN BREAST 

CANCER CELLS 

 

 

 

 

 

 

 

 

UMBER ALAM 

 

MS (Biochemistry) 

School of Natural Sciences 

Griffith University, Australia 

 

Submitted in fulfilment of the requirements of the degree of Doctor of Philosophy 

 

 

March 2018 



 

I 
 

 

STATEMENT OF ORIGINALITY 

This work has not previously been submitted for a degree or diploma in any university. 

To the best of my knowledge and belief, the thesis contains no material previously 

published or written by another person except where due reference is made in the thesis 

itself. 

 

_____________________________ 

Umber Alam 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

II 
 

ACKNOWLEDGEMENTS 

I wish to express my sincere appreciation to those who have contributed to this thesis and 

supported me in one way or the other during this amazing journey.  

First of all, I would like to express my gratitude to my main supervisor, Derek Kennedy, 

for the freedom he has given me to find my own path and for the guidance and support 

he offered when needed. I really appreciate the faith he has in my intellect even when I 

didn’t have faith in myself because everything seemed hopeless. I really appreciate his 

constant encouragement, his guidance and also all the useful discussions I had with him. 

 

My sincere gratitude is reserved for my co-supervisor, Stephen Wood, for his invaluable 

insights and suggestions. I really appreciate his willingness to meet me at short notice 

every time and going through several drafts of my thesis. I remain amazed that despite 

his busy schedule, he was able to go through my thesis and meet me in less than a week 

with comments and suggestions on almost every page.  

 

Very special thanks to the Griffith University for giving me the opportunity to carry out 

my doctoral research and for the financial support. It would have been impossible for me 

to even start my PhD if Griffith University had not given me a fully funded scholarship. 

 

I thank all the present and former lab members of Derek’s group. I owe special thanks to 

Qian Zhang, who developed the multidrug resistant breast cancer cell line (MDR.MCF7), 

used in this research study. I also owe special thanks to Kimberly Christine for allowing 

me to use the image showing Stress Granules in MCF7-wt cells in my thesis and helping 



 

III 
 

me with the confocal microscopy. I really appreciate her for showing her concern towards 

me, and encouraging me during the rough times I had during the last year of my PhD.  

These past several years have not been an easy ride, both academically and personally. I 

truly thank my friends (too many to list here but you know who you are!) for sticking by 

my side, even when I was irritable and depressed. I am thankful to all of my friends, for 

providing support and friendship that I needed. I am really indebted to Jamila Iqbal and 

Johana Tello Velasquez, not only for all their useful suggestions but also for being there 

to listen when I needed an ear.  

 

Words cannot express the feelings I have for my parents. Today, the happiest person 

seeing me completing my PhD would have been my Mom (Late). I really miss you Mom 

and wish you could have lived for another few years for my graduation. I especially thank 

my Dad for his unconditional love and care and for the faith he has in me. I love you so 

much Dad, and I would not have made it this far without you and, Mom of course. I am 

also really thankful to my sisters and younger brother who have been my best friends all 

my life. I love you guys dearly and thank you for all your advice and support. I can 

honestly say that it was only your constant encouragement that ultimately made it possible 

for me to see this project through to the end. I know I always have my family to count on 

when times are rough and that’s the reason I never give up.  

 

 

 

 

 

 

 



 

IV 
 

PUBLICATIONS ARISING FROM THIS THESIS 

 

SUBMITTED 

 

1. G3BP1 and G3BP2 regulate translation of interferon stimulated genes; IFITM1, 

IFITM2 and IFITM3 in cancer cell line MCF7. 

2. Rasputin, a decade on and more promiscuous than ever. A review of G3BPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

V 
 

ABSTRACT 

RNA binding proteins (RBPs) play key roles in the post-transcriptional regulation of RNAs, 

which along with transcriptional regulation, is a major pathway that controls patterns of 

gene expression for development and proper cell signaling. Post-transcriptional control can 

occur at many different steps in RNA metabolism including; splicing, polyadenylation, 

mRNA stability, mRNA localization and translation. The over-expression of various RBPs 

in several different cancers leads to the notion that disrupted RNA metabolism has a role in 

carcinogenesis. Nevertheless, it is exceptionally challenging to discover the mechanisms 

behind RBP functions due to the difficulty in identifying the RNA targets of RBPs. This 

problem is compounded by the finding that RBPs frequently have multiple RNA targets 

which could be bound and regulated under different cellular contexts.  

 

Ras-GTPase-activating protein SH3-domain-binding proteins (G3BPs) are members of a 

highly conserved family of multi-functional RNA binding proteins, which appear to co-

ordinate signal transduction and post-transcriptional gene regulation. Both G3BP1 and 

G3BP2 proteins are over-expressed in cancer, and G3BP1 promotes cell proliferation and 

survival. Aberrant expression of G3BP proteins is common in cancer, and their over-

expression influence tumorigenesis. Furthermore, there is growing evidence that G3BPs are 

implicated in the aetiology of cancer metastasis. G3BP1 is involved in breast cancer 

epithelial to mesenchymal (EMT) metastasis via the Smad signalling pathway, whereas 

G3BP2 suppresses EMT metastasis by interacting with TWIST1 and localising it in the 

cytoplasm. The TWIST1-G3BP2 mechanotransduction pathway responds to biomechanical 

signals from the tumour environment and promotes EMT metastasis through the release of 

TWIST1 from G3BP2. G3BP2 has also been implicated in breast tumour initiation by 

stabilizing Squamous cell carcinoma antigen recognised by T cells 3 (SART3) transcripts 
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which is responsible for the expression of pluripotent transcription factors Octamer-binding 

protein 4 (Oct-4) and Nanog Homeobox (Nanog). In addition, G3BPs possess antiviral 

activities and are targeted by various viruses, such as Polio virus, Chikungunya virus and 

Semliki Forest virus, to promote infection. Moreover, G3BPs, along with Caprin 1, have 

been reported to be responsible for the accumulation of interferon stimulated genes (ISGs) 

by facilitating their translation. Therefore, a detailed examination of G3BPs’ RNA 

transcripts may provide insights into the post-transcriptional mechanisms underlying 

tumorigenesis and viral infections. G3BPs are likely to be involved in the regulation of 

multiple transcript targets and the identification of more, or all, RNA targets of G3BPs will 

be an important step in a comprehensive understanding of molecular and cellular 

significances of G3BP’s activity by analyzing gene transcription, mRNA stability and 

translation, in different cellular contexts. Identification of different transcript targets of 

G3BPs will aid in the understanding of how G3BPs exert coordinated control of different 

cellular functions in a concerted fashion through their RNA targets.  

 

This research project was conceived from previous studies suggesting that G3BPs support 

translation of ISGs. The involvement of G3BPs in the translation of ISGs implies that 

G3BPs are involved in the regulation of the interferon system in response to viral infections 

and/or cellular stress, regulating the cellular immune response. Therefore, their antiviral 

property, or involvement in cancer metastasis could, in part, be due to the regulation of 

various ISGs which inhibit viral infections and promote cancer metastasis. The recent 

literature shows that interferon induced transmembrane (IFITM) proteins (IFITM1, IFITM2 

and IFITM3) are antiviral proteins, involved in the restriction of various viruses and are 

also emerging to have a role in cancer progression and metastasis. Therefore, this gene 

family was selected as potential transcript targets of G3BPs.  
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The main aim of this research study was to identify the individual roles of G3BP1 and 

G3BP2 in the regulation of IFITM1, IFITM2 and IFITM3 (IFITM1-3) proteins in breast 

cancer cell lines. G3BPs were hypothesised to interact with the 3´-UTRs of the IFITM1-3 

transcripts and regulate their translation. IFITM1-3 proteins are type I ISGs and are not 

expressed in all cell lines, therefore, the interferon (IFN) sensitive breast cancer line, MCF7, 

was selected to induce the expression of these proteins and to analyse the role of G3BPs in 

their regulation. Although IFITM1-3 are ISGs and their expression can be induced by type 

I IFN, the study design required a cell line which constitutively express these proteins as 

this would be beneficial to characterize the pathways regulating their translation. The 

interferon system is dysregulated in drug resistant cell lines in response to DNA damage, 

therefore, the breast cancer multidrug resistant (MDR) cell line, MDR.MCF7 (developed 

in the host laboratory) was chosen as a cell line which may constitutively express the 

IFITM1-3 proteins due to the dysregulation of the IFN system.  

 

Chapter 3 describes the induction and optimisation of IFITM1-3 proteins expression at both 

transcriptional and translational levels in MCF7 cells.  The expression of IFITM1-3 proteins 

were also assessed in MDR.MCF7 cells. Chapter 4 and 5 were designed to study the 

individual role of G3BP1 and G3BP2, by performing siRNA-mediated knockdown of 

G3BPs in these cell lines and analysing the effects of their downregulation on the regulation 

of IFITM1-3 endogenous transcripts and proteins. The initial knockdown studies confirmed 

that both G3BP1 and G3BP2 are essential for the accumulation of IFITM1-3 proteins, 

without affecting their transcript levels. The research was extended to study the role of 

G3BPs in the regulation of IFITM1-3 through an interaction with their 3´-UTRs by 

performing luciferase reporter assays and RNase assisted RNA chromatography (RARC) 

assay. These assays confirmed that both G3BP1 and G3BP2 interact with the 3´-UTRs of 

IFITM1-3 and regulate their translation, supporting the hypothesis made at the start of this 



 

VIII 
 

study. 

G3BPs have been reported to have a role in regulating the phosphorylation of the 

MEK/ERK pathway which is subsequently implicated in the translational regulation of 

ISGs. Based on these findings and other reports which show that one of the downstream 

effectors of the MEK pathway, eIF4E, is involved in the export of a certain subset of 

mRNAs, the role of this pathway was analysed in the regulation of IFITM1-3 proteins. 

Results have shown that knockdown of G3BPs in MDR.MCF7 cells led to a decrease in the 

phosphorylation status of MEK, ERK and eIF4E, supporting the idea that G3BPs could 

have role in the regulation of IFITM1-3 through this pathway as well. Preliminary studies 

were performed to further analyse this notion, by inhibiting the phosphorylation of MEK 

by using U0126, a well-known inhibitor of MEK, which acts by downstream inhibition of 

the phosphorylation of ERK and eIF4E. The mRNA and protein expression levels of 

IFITM1-3 were then analysed in the U0126 treated MDR.MCF7 cells by qRT-PCR and 

immunoblotting. The data analysis supports a role of G3BPs in the regulation of IFITM1-

3 proteins via MEK/ERK pathway, although further experimental studies are required to 

confirm this role.     

 

Overall, this research study shows that both G3BP1 and G3BP2 are essential for the 

accumulation of IFITM1-3 proteins by interacting with the 3´-UTRs of their transcripts and 

also suggests an involvement of the MEK/ERK pathway in the translational regulation of 

IFITM1-3 via G3BPs. The data suggests that G3BPs intersect twice in the regulation of 

IFITM1-3 expression, firstly through MEK/ERK pathway and then through an interaction 

with the 3´-UTRs of IFITM1-3.  However, the experiments performed here cannot resolve 

whether the two apparent functions are part of a single control mechanism or the two 

functions are mutually exclusive. Considering the relevance of these findings in the 
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aetiology of cancer, further research is required to determine if these pathways can be 

targeted for future anti-cancer therapies. 
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IRS     Insulin receptor substrate 

PKB     Akt/protein kinase B 

AI-Resistant cells   Aromatase inhibitor resistant breast cancer 
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APC     Antigen presenting cells 

DC     Dendritic cells 

NTDs     N-terminal domains 

CTDs     C-terminal domain 

CIL     Conserved intracellular loop 

IAV     Influenza A virus 

MDR.MCF7    Multidrug resistant MCF7  
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1. INTRODUCTION 

Gene expression involves several events which occur at transcriptional and post-

transcriptional levels and these events are vital for the coordinated control, synthesis and 

localization of cellular proteins. Transcription is the first rate limiting step in the transfer of 

the genetic information from DNA to protein but the newly synthesized pre-mRNAs must 

undergo several post-transcriptional modifications such as capping, splicing, poly 

adenylation, nuclear export, and translation in order to be translated to respective proteins. A 

wide range of trans-acting factors, including RNA binding proteins (RBPs) bind to the specific 

cis-acting factors within the 5ʹ-untranslated region (5ʹ-UTR), coding sequence (CDS) and 3ʹ-

untranslated region (3ʹ-UTR) of each mRNA transcript and regulate the expression of the 

genetic information [1] and studies have shown that the cis-acting factors are more frequently 

found in the 3ʹUTR of mRNAs, signifying that they contain important functional information 

[2].  

 

Several RBPs are involved at each step in the regulation of RNA metabolism, they bind and 

mediate the surveillance or deterioration of abnormal transcripts, as well as normal mRNA 

turnover. RNA polymerase II (Pol II) plays a vital role in the coordination of these processes; 

the C-terminal domain of the RNA Pol II serves as the binding site to the enzyme complexes 

involved in the post transcriptional modifications of mRNA. Following post-transcriptional 

modifications, most transcripts are processed to have a 5ʹ-cap and 3ʹ-polyA tail which plays 

role in the recruitment of the proteins required for translational initiation. The 5ʹ-cap structure 

is bound by the eukaryotic initiation factor 4F (eIF4F) and poly-A tail is bound by the polyA 

binding protein 1 (PABP1). The interaction between eIF4F and PABP1 leads to formation of 

pseudo-circular structure of transcripts. The purpose of this special conformation is not yet 

clear but it may have role in enhancing translation efficiency. Moreover, PAPB1 may affect 

other metabolic processes such as polyadenylation, mRNA translocation and decay [3]. The 
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processing events of mRNA are coupled to transcription so that mRNA synthesis and 

processing are coordinated steps in gene expression [4]. 

 

1.1. The Significance of RNA Regulation 

1.1.1. Regulation of mRNA Storage and Translation 

RNA regulation is crucial, not only for spatiotemporally specific transcription and degradation 

of molecules, but also for avoiding errors which may arise during RNA processing. For this 

discussion RNA metabolism is defined as all the regulatory steps affecting RNA, including 

transcription, post-transcriptional modifications and translation.  The correct balance of all of 

these processes is essential and defects at any step can lead to various diseases [5].  

 

Translational initiation is precisely regulated and represents the main end-point for mRNA, 

however, this is also one of the most deregulated steps in cancer [6]. Translation initiation is 

required for the onset of protein synthesis for most of the eukaryotic 5ʹ-cap mRNAs. However, 

several mRNAs of cellular and viral origin contain structures, known as internal ribosomal 

entry sites (IRES), in the 5ʹ-UTR or CDS of mRNA sequences which can be identified and 

used by some RNA viruses or cells during mitosis to suppress regular translation and induce 

synthesis of other specific proteins [7]. 5ʹ-Cap mediated translation initiates with the binding 

of the ternary complex (eIF2-GTP-tRNAi
Met) to the small ribosomal subunit 40S which forms 

the 43S pre-initiation complex and then a complex of eukaryotic translation initiation factors 

(eIFs), called eIF4F is recruited to the mRNAs to form the ternary complex. The pre-initiation 

complex scans the recruited mRNA for the initiation codon, followed by the subsequent 

dissociation of the translation initiation factors and binding of the 60S ribosomal subunit to 

initiate translation (Fig.1.1) [8-10]. 
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There is always a state of equilibrium between active translation and a dormant stage of 

mRNA. Some transcripts are immediately translated into respective proteins following export 

from the nucleus while others (at least in neurons and germ cells) are stored in quiescent RNA 

granules which contain both 40S and 60S ribosomal subunits. Specific extra-cellular stimuli 

can induce active translation of transcripts contained in these RNA granules [11].  

Alternatively, transcripts can be diverted from active translation to a dormant state, for 

instance upon cellular stress translationally active mRNAs are shifted to translationally 

inactive sites of mRNA storage known as stress granules (SGs) and this change coincides with 

a redistribution of RBPs associated with the transcript as well as some changes to the 40S 

ribosomal subunits. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. A schematic representation of eukaryotic translation. Eukaryotic translation and 

its regulation by eIF2α kinases and other Signalling pathways. Reproduced from Sonenberg, 

N. and Hinnebusch, A.G. (2007)  [12]. 

SGs are in a dynamic equilibrium with polysomes, as evidenced by the fact that SG assembly 

is induced by drugs which dismantle the polysome and inhibited by the drugs which freeze 

transcripts within polysome [13].  
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1.1.2. Regulation of Translation and mRNA Decay 

The half-lives of mRNAs, vary from minutes to days, depending on their roles and a precise 

regulation of mRNA turnover is essential for sustaining a stable gene expression level in cells 

[14]. The 5ʹ-cap structure and polyA tail are important for mRNA degradation and therefore 

translation and mRNA decay are coordinated processes [15,16]. Further evidence of a link 

between translation and mRNA decay lies in the fact that various cis elements, which stimulate 

RNA decay, also facilitate translational repression. This suggests that some cis control 

elements may recruit translational repressors in order for the transcript to be re-routed for 

decay [16]. 

 

The first step in mRNA turnover is usually deadenylation. This is followed by exosome-

mediated 3′-5′ decay [15], or decapping and 5′-3′ decay at cytoplasmic processing bodies (P-

bodies) [17]. Endoribonucleolytic cleavage can also mediate mRNA decay by a 

deadenylation-independent mechanism [18,19]. The half-lives of different RNA species vary 

depending on their function. Early response proto-oncogenes and cytokines have half-lives 

varying from 10-60 minutes, consistent with a need for rapid clearance to prevent undesirable 

effects upon cell growth and differentiation. In contrast, housekeeping and structural genes 

have half-lives of around 12 and 24 hours, respectively [20]. The rate of RNA turnover is 

mediated by cis-acting elements, which recruit specific trans-acting proteins to either promote 

or inhibit transcript destabilisation. 

 

AU-rich elements (ARE) are well-characterised cis elements that facilitate mRNA instability. 

AREs are generally 50-150 nucleotides long and contain multiple copies of the 

pentanucleotide sequence AUUUA, as well as a high content of U and sometimes A residues. 

AREs of the early response gene c-fos mediates a biphasic rapid mRNA decay initially 
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facilitated by the shortening of the polyA tail. Once the polyA tail has reached a threshold 

length, the remainder of the mRNA is degraded. While the U-rich domains promote 

deadenylation, the AUUUA repeats facilitate degradation of the mRNA body [21,22].  Early 

reports suggested that AREs mediate mRNA decay by exosomes, however, recent reports 

show that mRNA decay is facilitated by 5ʹ-3ʹdecay pathways in mammalian cells [23]. HuR 

binding stabilises ARE transcripts [24-26], while heterogeneous ribonucleoprotein D 

(hnRNPD/AUF1) has varying effects on ARE transcripts, depending on the cell type, for 

instance, a stabilizing effect has been identified in NIH 3T3 cells whereas a destabilizing effect 

has been observed in K562 cells [27-29].  

 

Non-coding micro RNAs (miRNA) have recently been reported to regulate gene expression 

independently of classic transcriptional and translational control and for this reason gene 

expression under the control of miRNA is often referred to as epigenetic regulation.  The 

assembly of miRNAs into complexes called RNA-induced silencing complexes (RISC) can 

regulate gene expression by facilitating mRNA decay or by regulating translation.  The RISC 

contain miRNA that can specifically target transcripts from an individual gene by annealing 

of base pairs.  The control of gene expression by miRNAs occurs via two closely related 

pathways.  The first involves perfect base-pair matching between the miRNA and the target 

transcript and when this occurs within the RISC the result is the complete degradation of the 

target transcript [30]. Therefore, the RISC contains target transcripts, the miRAN and proteins 

that modulate the interactions and mRNA decay. A specific role for miRNAs in ARE-

mediated mRNA decay was recently shown, and this involved an interaction with both 

tristetraprolin (TTP) and members of the RISC complex [22]. The second form of gene 

regulation occurs through imperfect base-paring between a miRNA and its target transcript. 

When this occurs the target transcript is not degraded, however, translation of the transcript 
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will be stopped via inhibition of cap-dependant translation initiation [31] and this continues 

presumably until the RISC containing the imperfect miRNA-mRNA strands are dissociated. 

Therefore, miRNAs can facilitate mRNA decay or translational repression, depending on the 

context and the specific target.  

 

1.1.3. Regulation of Protein and mRNA Decay 

The covalent linkage of ubiquitin polypeptide chains through lysine residues is known to 

target proteins for degradation at the proteasome [32]. Inhibition of the proteasome by 

different means also blocks ARE-mediated mRNA decay [33]. The proteasome harbours an 

endoribonuclease activity which promotes ARE-mediated mRNA decay [34], but it appears 

that the proteasome itself is not entirely responsible for enhanced ARE-mRNA decay. 

Impaired addition of ubiquitin to hnRNPD/AUF, through inhibition of a specific 

ubiquitinating enzyme, also blocked ARE-mediated decay. Conversely, activation of an 

enzyme that promotes hnRNPD/AUF ubiquitination, enhanced ARE-mRNA decay [33]. This 

suggests that both ubiquitin and proteasome-dependent mechanisms regulate the rapid 

turnover of transcripts bearing an ARE. 

 

1.1.4. Signal Transduction and mRNA Metabolism 

It has been reported that the expression of any specific gene is regulated by the signal-specific 

recruitment of RBPs to the transcript. Specific mRNAs are stored in the cytoplasm as mRNP-

complexes and their translation is repressed through the action of proteins which mask them 

form the translational machinery and in response to specific stimulus these proteins are 

removed and the transcript is translated [35]. Cell signalling pathways may control the action 

of these trans-acting factors. For instance, the RNA binding activity of a protein may be 

altered in response to phosphorylation, leading to translational activation, mRNA turnover or 
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specific localisation of particular mRNAs. 

 

Several RNA binding proteins interact with a range of signal transduction components. Sam68 

contains an RNA binding domain known as the hnRNPK homology (KH) domain, which 

functions in conjunction with an arginine-glycine rich (RGG) domain. Sam68 stimulates G1/S 

cell cycle transition in a KH domain-dependent fashion. Sam68 interacts with Src through the 

Src homology 3 domain (SH3-domain) and is a substrate for Src kinase activity. The RNA 

binding activity of Sam68 is inversely proportional to its phosphorylation status, suggesting 

that the Src-mediated signalling pathway may involve activation of RNA through modulation 

of RNA binding proteins [36,37]. Moreover, it has been found that the protein kinase mTor 

phosphorylates eIF4E-binding proteins (4E-BP). In their unphosphorylated state, 4E-BPs 

binds to eIF4E on the same site recognized by eIF4G, blocking the formation of the cap-

binding complex. Phosphorylation of 4E-BP leads to loss of affinity for eIF4E and increases 

translation [38]. In addition, eIF4E phosphorylation by MAPK-integrating kinases MNK1 and 

MNK2 enhances cap-dependent initiation [39,40]. The phosphorylation of eIF4E does not 

affect the global translation, but affect the translation of a subset of mRNAs involved in 

tumorigenesis and survival [40]. 

 

1.1.5. Translational Regulation in Cancer 

The over-expression of various RBPs in several different cancers leads to the notion that 

disrupted RNA metabolism has a role in carcinogenesis. RBPs are key regulators of mRNA 

processing and mRNA synthesis and are often abnormally expressed in cancers. Deregulated 

expression of RBPs in cancerous cells could be due to epigenetic factors or microRNA-

dependent (miRNAs) controls, but the exact mechanisms are still obscure [41]. Moreover, it 

has been found that novel trans-acting miRNAs are also deregulated in cancer [42]. 
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Alterations in cis-acting and trans-acting factors which affect the expression of mRNAs 

encoding proto-oncogenes can influence tumour formation and progression [43]. Several 

signalling pathways, which are deregulated in cancer, define the phosphorylation status of 

RBPs which controls the RBP activity and subsequently the expression of its target mRNAs 

[41]. Post-transcriptional mechanisms also facilitate activation of selective and adaptive 

expression programs [44] which enhance tumour survival and therapy resistance [45].   

 

Efficient translation is an obvious requirement for cell growth and proliferation and thereby, 

for carcinogenesis as well. Translation initiation is a critical and highly regulated step of 

protein synthesis and the cap-binding protein eIF4E, which is one of the most crucial 

regulators of translation initiation, is over-expressed in various tumour types (e.g. breast, 

prostate, gastric, colon, lung, skin and lymphomas) [46]. The over-expression of eIF4E does 

not mediate global translation, rather it induces the selective translation of a set of mRNAs 

encoding mostly pro-oncogenic proteins [39]. 
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1.2. RNA BINDING PROTEINS (RBPs) 

RBPs interact with newly synthesized mRNA molecules, forming ribonucleoprotein 

complexes which influence the fate of these mRNAs in the cell [47]. These mRNPs are the 

vital components of all RNA processing events in the cells. mRNA localization is a complex 

process which begins with the recognition of cis-acting elements in the newly synthesized 

transcripts by trans-acting RBPs. However, these RNP complexes are not only exclusive to 

mRNAs, but also for every cellular RNA such as microRNAs (miRNAs) and, long non-coding 

RNAs to form complex with proteins [48]. These RNP complexes also play significant roles 

in human health and diseases  [49] as well as in viral replication [50] and pathogen resistance 

in plants [51]. 

The role of RBPs in RNA metabolism is initiated from transcription and continues to post-

transcriptional RNA metabolism, which includes RNA splicing, 3´-end-formation, export, 

surveillance, decay and translation [52,53]. Although gene expression has been regarded as 

being composed of separate and independent post-transcriptional steps recent reports stress 

upon the interconnectivity of these processes. Many RBPs such as heterogeneous nuclear 

RNPs (hnRNPs), FMRP, PABP, HuR and Ser/Arg rich proteins (SR proteins) are associated 

with mRNA as mRNPs in RNA metabolism, and functionally regulate multiple steps between 

transcription and translation by dynamic remodelling of RNPs. Therefore, it has been 

suggested that the multiple roles of RBPs would provide a means of interconnecting the post-

transcriptional steps (Fig.1.2.1) [54,55]. 
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Fig.1.2. A schematic representation of multi-functionality of RBPs in RNA metabolism. 
RBPs bind to RNA and regulate multiple steps of RNA metabolism. Replicated from 

Gronland, G.R. and Ramos, A (2017)  [55]. 

 

Although the human genome encodes for more than 400 known or predicted RBPs [56,57] 

the structure and role of RNP complexes in gene regulation is much less defined as compared 

to DNA protein complexes (DNPs) [58,59]. Even though, various structural RNA binding 

domains have been recognized, among which the RNA recognition motif (RRM) is most 

common and well understood domain [60], it still seems that many RNA domains remain to 

be identified. Recently, it has been shown that the proteins without any RNA binding domain 

also participate in RNA binding activity [61].  
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1.2.1. RNA-Protein Interactions 

RBPs bind to specific RNA molecules via combinations and structural arrangements of 

domains, which provide functional diversity to bind with different RNA substrates including, 

single and double-stranded RNA molecules and complex RNA structures having stem loops, 

base mismatches and bulges [60,62]. Intermolecular forces, such as van der Waal forces and, 

less often, hydrogen forces are responsible for the physical interaction between RNA and 

proteins. There are two main types of binding; groove binding and β-sheet binding.  In groove 

binding, a secondary structure of the protein fits into a groove of RNA helix whereas in β-

sheet binding the surface creates binding pockets that interact with unpaired RNA pockets. In 

DNA-protein interactions, the majority of proteins interact with backbone of DNA while 

majority of RNA-protein interactions are to nucleobases, with an overall preference for uracil 

and guanine [62]. Therefore, most of the RBPs interact with single-stranded RNA molecules 

(ssRNAs) [56] and, arginine, tyrosine and phenylalanine are the most common amino acids 

which are involved in this direct interaction [62].  

 

The RNA recognition motif (RRM) is the most well-known and prevalent domain of RBPs, 

present in single or multiple copies in most of the human RBPs. The RRM interacts with 

ssRNA or dsRNA molecule core residues through its four stranded antiparallel β-sheets [63]. 

An arginine or lysine residue interacts with the phosphodiester backbone and two aromatic 

residues make stacking interactions with nucleobases, conferring sequence specificity 

[60,63,64]. The use of stacking interactions between nucleobases and amino acids is a 

common method for RBPs to recognize specific RNA motifs. In addition to RRMs, the hnRNP 

K-homology domain (KH domain) and Pumilio homology domain (PUM-HD) are other 

domains of RBPs which use sequence specific mechanism for binding to target RNAs. The 

KH domain, through its β-sheet, recognizes and interacts with a four nucleotide sequence of 
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both ssDNA and ssRNA targets. On the other hand, PUM-HDs contain several α-helix repeats, 

which recognize a specific nucleotide [64].  The double stranded RNA binding domain 

(dsRBD) is a groove binding domain which binds to the phosphate backbone of RNA via two 

minor grooves and the intervening major groove, in a sequence dependent manner [60].  

 

Several attempts have been made to systematically identify RNA targets of RBPs and to 

predict the RNA motifs recognized by RBPs. A study has been done to investigate the RNA 

motifs which are recognized by RBPs in 24 different eukaryotes using the in vitro technique, 

RNA compete. The RBP of interest was incubated with an RNA pool containing all possible 

9-mers concatemerized into 30-40 nucleotides long RNA fragments and then, the RNA 

molecules associated with RBP were analysed by microarray. The results showed that most 

of the RBPs bind to ssRNAs and provided an insight into the binding partners of several RBPs 

as proteins sharing 50% homology in RBDs have been found to share the RNA binding motifs. 

Interestingly, a subsequent search for the identified motifs in pre-mRNA sequences revealed 

potential multi-functionality of many RBPs [57]. Though the systematic approach predicts 

certain RNA binding partners of various RBPs, the experimental designs limit the 

investigation to known RBPs and a subset of RNA targets and therefore, the complexity and 

diverse nature of RNA-protein interactions taking place in living cell is still to be resolved.  

 

1.2.2 Characterization Of The RNA-Protein Interactome 

1.2.2a. Finding Protein Binding RNAs 

Two main approaches have been used to identify RNA targets of RBPs; in vitro selection 

methods and co-immunoprecipitation. The classical in vitro selection approach is Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX) is one of the first systems for 

determining high-affinity DNA or RNA ligands for proteins of interest, and the method has 
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been used for the development of aptamers with extremely high binding affinity for specific 

proteins [65]. The protein of interest is incubated with the pool of random RNA sequences, 

followed by multiple cycles of purification and amplification by PCR, yielding high affinity 

RNA targets of protein of interest [66]. In another in vitro approach, RNA compete, the protein 

of interest is allowed to bind with a pool of RNAs and then bound RNAs are affinity purified 

and identified on a microarray [67].  

 

Although in vitro selection methods have been found very useful for the identification of the 

RNA targets of RBPs, along with the prediction of in vivo targets of RBPs, they do not address 

the biological significance of the identified RNA-protein interactions. Most of the biological 

interactions are reversible in order to undergo appropriate regulation, so the tremendously 

strong interactions which are identified by SELEX and other similar techniques are usually 

not found in nature [68]. However, genomic SELEX approach, instead of using a library of 

randomized RNA sequences uses RNA sequences obtained from the genome of an organism 

of interest, thus increasing the possibility of discovering the binding sites for naturally 

occurring RNA-protein interactions [69]. 

 

Ribonucleoprotein immunoprecipitation microchip (RIP-Chip), based on pulldown of RNP 

complexes, identifies the protein bound RNAs by microarray analysis, whereas the RIP-seq 

method uses the next generation sequencing (NGS) technologies for high throughput 

purification and identification of the RNA targets of proteins. Although both of these 

techniques identify RNA targets of specific proteins, they do not provide insights into the 

exact binding sites of transcripts [70]. Furthermore, since re-association of co-

immunoprecipitated complexes after cell lysis is a well-documented phenomenon [71] it 
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cannot be assumed that co-immunoprecipitation reflects true in vivo RNA-protein 

interactions.  

 

More recently, an in vivo technique cross-linking and immunoprecipitation (CLIP) has been 

developed, to figure out the exact binding sites of RNA targets in RNA-protein complexes. 

Upon UV irradiation, an irreversible covalent bond forms between proteins and nucleic acids 

which preserves the native RNA-protein interactions by preventing molecular re-association, 

prior to harvesting. RNA binding sites are narrowed down by partial digestion of RNA before 

immunoprecipitation, and the signal to noise ratio is enhanced by preventing non-specific co-

immunoprecipitated proteins during SDS-PAGE separation and by stripping off free RNA 

while transferring the complexes to a nitrocellulose membrane [72,73]. Initially, the CLIP 

method was used to identify the RNA targets and the binding sites of the neuron-specific 

splicing factor NOVA in mouse brain tissue. NOVA-specific antibody was used to purify 

NOVA-RNA complexes, and the digested RNA fragments were subjected to reverse 

transcription, PCR and Sanger sequencing. Hundreds of CLIP tags, individual RNA fragments 

representing binding sites, were identified and western blot analysis of the selected RNA 

targets showed that the alternative splicing profile of NOVA-knockdown mutants was 

severely altered. This study confirmed that CLIP method is the very efficient in finding the 

actual RNA targets of a protein [73].  

 

With the development of next generation sequencing technologies a modification of CLIP, 

high-throughput sequencing CLIP (HITS-CLIP), enhanced the sequencing output as 

compared to the classic CLIP method, thereby facilitating highly reproducible mapping of 

RNA binding sites. Later on, individual nucleotide resolution CLIP (iCLIP), was introduced 

which allows the identification of the binding site with high resolution by using an 
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intramolecular cDNA circularization step prior to PCR amplification and sequencing. Yet 

another variation of CLIP, photoactivatable ribonucleoside-enhanced (PAR-CLIP), 

incorporates photoreactive ribonucleoside analogue 4-thiouridine (4SU) into the native RNA 

of cells and thus increases the crosslinking efficiency of RNA and proteins [74]. In vivo 

incorporation of 4SU in RNA and subsequent irradiation at 365 nm results in selective 

crosslinking of 4SU residues to proteins [75] and has been shown to dramatically increase the 

recovery of RNA from protein pulldown experiments, compared to conventional 254 nm 

crosslinking [74]  Apart from the higher RNA yield obtained by 4SU crosslinking, mutational 

analysis revealed that thymidine-to-cytidine transitions occur frequently at crosslinking sites, 

allowing mapping of exact binding sites [74]. 

 

1.2.2b. Finding RNA-Binding Proteins 

There are two main strategies to identify the proteins, having binding affinity to specific RNA 

molecules; (i) hypothesis driven identification of predicted protein targets (ii) hypothesis free 

identification of RNA-Protein interactions. 

 

Aptameric tags, either naturally occurring or synthesized by SELEX or other related methods, 

can be used for the RNA-based isolation of RNP-complexes. Streptavidin-binding aptamer 

identified by SELEX was used to validate the well-known RNA-protein interactions in a 

method known as StreptoTag. A hybrid target RNA along with an aptamer was incubated with 

cell extract, followed by affinity purification and the protein binding partners were verified 

by western blot [76].  

 

Yeast three hybrid system can be used, not only for the validation of the predicted RNA-

protein interactions, but can also be used to isolate unknown protein binding partners of 
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candidate RNAs in large screens. In the yeast three hybrid system, the interaction of the hybrid 

candidate RNA and protein leads to the activation of the reporter gene in vivo. An entire cDNA 

library is transformed into a reporter strain expressing the candidate RNA as a hybrid molecule 

and then the proteins binding to this target RNA are identified by growth on specific media 

[77,78].  

 

Another well-established technique to identify RNA-protein interactions is hybridization of 

RNAs to protein microarray, and though this method lacks the cell environment of in vivo 

methods and in vitro methods based on cell extract, it allows quick and large scale 

identification of potentially functional RNA-protein interactions. A microarray spotted with 

approximately 10,000 human proteins was used to find out interaction partners of 10 in vitro 

transcribed RNAs, identifying both known and unknown protein binding partners of these 

RNA targets [79]. 

 

To identify the unknown protein binding partners of RNP-complexes, Mass spectrometry 

(MS) has been found very useful as this technique allows hypothesis free and highly sensitive 

detection of proteins [80]. In MS analysis the sample is chemically fragmented to charged 

particles by the spectrometer’s ion source, subsequently the charge-to-mass ratio of these 

particles is determined by loading them onto a mass analyser, which applies magnetic and 

electric fields and the detector, which quantifies the abundance of each ion fragment [81].  

 

A landmark in the field of proteomics was the development of stable isotope approaches for 

quantitative analysis such as isotope-coded affinity tag (ICAT) [82] and stable isotope 

labelling by amino acids in cell culture (SILAC) [83]. ICAT uses a biotinylated tag to 

incorporate stable isotopes and labels the two protein populations to be compared with light 
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and heavy isotope versions, respectively. After fractionation the ICAT-labelled peptides are 

selected by affinity chromatography prior to MS analysis [82]. Whereas, in SILAC the native 

protein population of cells is incorporated with the isotopically labelled essential amino acids 

like lysine labelled with 12H, 13C or 15N [83]. For both ICAT and SILAC, the fragmentation 

patterns of labelled and unlabelled peptide pairs will be identical except for a shift in the 

masses of ion fragments facilitating distinction and relative quantification of proteins 

originating from each of the two cell populations [84].  

 

Butter et al., (2009) used the SILAC method to reveal proteins binding specifically to 

synthetically synthesized RNA in cell extracts. The RNAs of interest were in vitro transcribed 

from PCR product together with an aptamer with affinity for streptavidin and mixed with cell 

lysate. RNA bait and control was incubated in SILAC-labelled and unlabelled lysate, 

respectively, and after mixing and pulldown via the aptameric tag, mass spectrometry analysis 

identified specific binders as deviations from a 1:1 ratio between light and heavy versions of 

the peptides [85]. Omitting the laborious and costly labelling procedure and facilitating 

comparison across a larger number of samples, label-free approaches for quantitative 

proteomics are gaining increasing popularity. Label-free quantification relies on comparison 

across a number of individually analysed samples with regard to factors such as spectral 

counts, the number of spectra identified for a given peptide, and peak intensity, a measure of 

the relative abundance of ion fragments. Since label-free quantification relies on comparison 

between individual MS runs, this approach is more sensitive to performance variations of the 

spectrometer than labelling-based methods such as SILAC and ICAT, where compared 

samples are analysed simultaneously. However, with the highly reproducible output of 

modern high-performance liquid chromatography (HPLC) separation systems and high 
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resolution mass spectrometers, label-free quantification is considered a very reliable method 

[86].  

 

One of the first attempts to identify RNA-binding proteins in vivo, [87] utilised RNA Affinity 

in Tandem (RAT). The name refers to a tandem purification strategy where two different 

aptamers fused to the RNA of interest are used for repeated rounds of affinity purification 

following transfection with a vector expressing the hybrid RNA [87]. Tsai et al., (2011) 

identified in vivo protein binding partners of an internal ribosome entry site (IRES) by co-

expressing biotin-tagged MS2 coat protein and MS2 aptamer-tagged IRES RNA in cell 

culture, followed by pulldown with streptavidin beads and SILAC-based mass spectrometry 

analysis. As opposed to the RAT method, Tsai et al., (2011) stabilized the native RNP 

complexes by UV irradiation prior to cell harvesting and pulldown, increasing the likelihood 

of detecting functional RNA-protein interactions [88]. 

 

A simpler and more general in vivo approach was applied by two recent studies. Baltz et al., 

(2012) and Castello et al., (2012) combined in vivo nucleoside-enhanced UV-crosslinking of 

RNA-protein complexes with oligo (dT) pulldown to characterize the global mRNA-binding 

proteome. In human embryonic kidney cells [61] and HeLa cells [89], quantitative mass 

spectrometry analysis detected hundreds of mRNA-binding proteins, many of which had not 

previously been annotated or described as RNA-binding. For identification of specific RNA-

protein interaction pairs, Baltz et al., (2012) subsequently applied PAR-CLIP to pinpoint RNA 

binding sites of selected proteins [61]. 

 

Many different approaches have been developed to study the composition of mRNP 

complexes and the main aim of these studies was to identify the protein(s) which bind to 
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specific RNA transcripts and RNA chromatography combined with mass spectrometry has 

been the method of choice [90]. Various different methods have been established to bind target 

RNAs to a solid support with subsequent elution of the bound RBPs. For example, dsRNAs 

bound to adipic acid hydrazide beads were shown to have more binding affinity to dsRBPs 

[91]. Moreover, small reversibly biotinylated RNA molecules can be bound to solid support 

by binding to avidin and are used as ligands for these types of studies. To facilitate elution of 

bound proteins, with a view to improve protein identification, the incorporation of a disulfide 

bond in the linker arm connecting biotin to the RNA allows dissociation of the RNA from 

avidin under mild conditions [92].   

 

Various RNA chromatography methods have been developed but all of these have common 

steps, which include: coupling the candidate RNA transcript to beads; incubating bead-

coupled RNAs in cell extracts, followed by stringent washes; denaturing the bead-coupled 

RNP complex, followed by SDS electrophoresis; and mass spectrometry to identify specific 

proteins (Fig.1.2.2). One of the major limitations of the different RNA chromatography 

methods is the presence of a high background due to the non-specific binding of proteins to 

the beads, which hampers detection of potentially important proteins, either due to their low 

expression levels or their co-migration with contaminating proteins. Recently, an improved 

RNA chromatography method has been developed, which relies on an RNase-mediated 

elution step that almost completely eliminates background noise, allowing more sensitive and 

thorough detection of RBPs binding to specific RNA transcripts [93].  RNase assisted RNA 

Chromatography was used in the research reported in Chapters 4 and 5 to identify RNA-

protein interactions between G3BPs and target mRNAs. 
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Fig.1.3. A schematic representation of the RNase assisted RNA chromatography and 

standard chromatography method. An RNA molecule is attached to the agarose beads and 

then incubated with protein extracts (X, Y, and Z denote different cellular proteins). Next, the 

RNA–protein complexes are released from the beads by RNase treatment, followed by SDS 

electrophoresis and mass spectrometry. Replicated from Michlewski et al., (2010)  [93]. 
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1.3. G3BPs 

Ras-GTPase-activating protein SH3-domain-binding protein (G3BP) was named so because 

of its ability to bind to the Ras-GTPase activating protein (RasGAP) [94]. Ras, a family of 

GTPases is a key signalling transducer in the cell which, in its active GTP-bound form, 

activates serine/threonine kinases such as Raf and initiates downstream signalling. Hydrolysis 

of Ras-bound GTP molecule to GDP by RasGAPs, inactivates the Ras which inhibits further 

signalling [95]. G3BP1 was suggested to interfere with the Ras signalling pathway by 

interacting with the SH3 domain of RasGAP [94,96,97], but recent studies have failed to 

replicate these results and provide arguments against G3BP1 being a genuine RasGAP-

binding partner [98]. This interaction of GB3P1 with RasGAP is still ambiguous as the former 

study showing an interaction of RasGAP and G3BP1 did not provide a full set of controls (e.g. 

with beads only etc.) to exclude the possibility of a non-specific binding whereas the later 

report (questioning the RasGAP interaction with G3BP1) has not studied this interaction after 

specific cyclic periods of serum stimulation (as shown in the original report by Parker et al.,). 

However, two recent research reports from another lab have shown that the peptides GAP161 

[99] and GAP159 [100], which are peptides complementary to RasGAP, disrupt the 

interactions between G3BPs and RasGAP, supporting the original finding that G3BP1 

interacts with RasGAP. Therefore, further experiments need to be performed to confirm the 

interaction of G3BPs with RasGAP.  

 

Earlier studies suggested that G3BPs could have a role in tumorigenesis as they are 

overexpressed in many cancers and proliferating cells [101-103]. Furthermore, the generation 

of a G3BP1 knockout (KO) mice supported the role of G3BP1 in cell survival and proliferation 

[104]. Moreover, recent reports suggest that G3BPs have a role in epithelial-to-mesenchymal 

transition (EMT)-induced metastasis [105,106].    
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1.3.1. G3BPs Structure 

The G3BP protein family comprises of three homologous proteins; G3BP1, G3BP2a and its 

splice variant G3BP2b, with sizes of 52, 54 and 52 kDa, respectively. Human G3BP1 is 

encoded by a gene located on chromosome 5 whereas G3BP2 is located on chromosome 4 

[96,107]. The three isoforms share structural homology, having four distinct regions; a nuclear 

transport factor 2 (NTF2) like domain [108],  acidic and proline-rich regions, a RNA 

recognition motif (RRM) [109] and an arginine and glycine rich box (RGG box) [107]. The 

difference between the G3BP2 splice variants lies in the proline-rich region where G3BP2b 

lacks 33 residues through a splicing event which creates an additional PxxP motif in G3BP2b 

(Fig.1.3.1) [96].  

 

The NTF2-like domain shares both structural and functional homology to the small NTF2 

protein which is involved in nuclear transport via nuclear pores [110]. The role of the NTF2-

like domain in nuclear transport is supported by the presence of both, G3BP1 and G3BP2 in 

the nucleus during serum stimulation [101] though another study, using targeted mutations in 

G3BP2 has shown that the NTF2-like domain was more important for targeting G3BP2 to the 

nuclear envelope and not for actual nuclear translocation of G3BP2 [111]. Moreover, the 

NTF2-like domain has been shown to facilitate protein-protein interactions [94,112] and can 

also mediate G3BP dimerization [113]. 

 

The central region of the G3BPs sequence, where a conserved acid- and proline-rich region 

(PxxP) resides, has been suggested to influence protein binding to aromatic amino acids in 

target SH3 domains [114] and was hence believed to mediate the RasGAP interaction [94,96]. 

G3BP1 has three PxxP motif which might mediate its interactive capacity [115], while 

G3BP2a and G3BP2b have five and six conserved PxxP motifs, respectively [96]. The RRM 
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of G3BPs has two conserved sequences, RNP1 and RNP2, which interact with target RNA 

sequences of 2-8 nucleotides through a platform of alpha helices and beta sheets, formed in 

their three-dimensional structure [96,116]. RRMs can also bind with proteins which may 

influence its specificity for RNA interactions [117]. 

 

RGG boxes comprise of closely located arginine-glycine-glycine residues and are hence 

named RGG boxes. It often has an undefined exposed structure due to the larger polar amino 

acids like arginine, which surrounds the glycine residues. This exposed structure influences 

interaction with proteins or RNA and facilitates post-transcriptional modifications. 

Methylation of arginine residues blocks hydrogen bonds (H-bonds) which are important for 

binding and consequently may affect protein-RNA interactions [118]. 

 

 

 

 

 

 

 

 

Fig.1.4. The predicted domain structure of G3BP1, G3BP2a and G3BP2b. ORF = open 

reading frame. NTF2 = Nuclear transport factor 2. PxxP = proline rich motif. RRM = RNA 

recognition motif. RGG = Arginine/glycine rich region. The 33 amino acid splice event, which 

produces G3BP2b from G3BP2a, is also indicated. Replicated from Irvive et al., (2004)  [107]. 

 

Arginine methylation of hnRNP has been shown to play a role in the identification of the RNA 

complexes for nuclear export in yeast [119], whereas contrary result was observed in 

mammalian cells where arginine methylation led to decreased retention of nuclear hnRNP A2 
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[120]. Later findings have questioned this hypothesis that arginine methylation of hnRNP A/B 

proteins is responsible for their nuclear/cytoplasmic distribution [121]. In relation to G3BP1 

and G3BP2, the methylation of the Arg435 in the RGG box regulates CTNNB1 (β-catenin) 

mRNA in a Wnt-dependent manner [122,123]. Methylation status of G3BP1 is involved in 

SGs formation where demethylation of  G3BP1 at Arg447 regulates SGs assembly in response 

to oxidative stress induced by sodium arsenite [124].  Moreover, the RGG region may affect 

an ATP/Mg2+ dependent DNA/RNA helicase activity of G3BPs [125]. 

 

1.3.2. G3BPs Functions 

1.3.2a. G3BPs in Cell Proliferation and Cancer 

Although G3BPs are expressed in all normal cells, some isoform specific tissue expression 

has been identified for G3BP1 in lung and kidney, for G3BP2a in brain and for G3BP2b in 

the small intestine [96]. G3BPs are overexpressed in various different tumour types including; 

breast [101-103], pancreas [126], colon, thyroid, head and neck tumours [102,103]. Although 

G3BPs are primarily cytoplasmic proteins, differences in distribution have been indicated for 

the different isoforms. G3BP1 can localize to the nucleus in quiescent cells, most probably 

due to the phosphorylation at Ser149 [97,127] however G3BP2 can move to nucleus upon 

serum-stimulation [103].  

 

Functional studies have shown that G3BPs have a role in cellular proliferation. G3BP1 has 

been found to be highly expressed in proliferating retinal pigment epithelial cells [128]. In 

fibroblast cells G3BP mutants, deficient of the RRM, cannot mediate cell cycle progression 

primarily due to impaired S-phase entry [102]. Moreover, G3BP1-knockout mice exhibited 

growth impairment during embryonic stages and despite being viable to birth, these mice 

showed neonatal lethality due to severe neuronal cell death. G3BP1-knockout mouse derived 
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fibroblasts exhibited reduced proliferation, further supporting the argument that G3BP1 has a 

role in cellular growth and proliferation [104]. 

 

G3BPs have been suggested to have a role in RNA metabolism downstream of signal 

transduction pathways [107]. As described earlier, G3BPs interact with the SH3 domain of 

RasGAP protein (though recent studies show that this interaction is controversial), upon Ras 

activation and it seems the phosphorylation status of G3BP1 is affected by elements of 

RasGAP pathway [113,127].  Furthermore, the data obtained from Drosophila studies 

suggests that G3BP may play a role in linking Ras signalling with that of another small 

GTPase, Rho [129]. 

 

Both G3BP1 and G3BP2 have been purified as members of signal-induced mRNP complexes 

[113,130,131] and several G3BP1 RNA ligands have been identified 

[97,104,122,126,132,133]. Moreover, G3BP1 KO mice exhibit numerous alterations in the 

transcriptome [104]. It is thus suggested that G3BP proteins act through signal-specific 

regulation of RNA metabolism. G3BPs are primarily cytoplasmic proteins, so it has been 

proposed that their primary functions may involve transcript localisation, stability or 

translation [94,129]. Whatever the case is, it appears unlikely that G3BP proteins play a single, 

specific function within the cell. Instead, emerging evidence suggests that these proteins may 

mediate alterations in gene expression at various levels of control, in response to a range of 

cell signals, in various cellular and sub-cellular contexts [107]. 

 

G3BPs have also been found to be involved in epithelial to mesenchymal transition (EMT)-

induced metastasis of breast cancer. Overexpression of G3BP1 mediates the EMT in breast 

cancer cells via the Smad signalling pathway. It has been found that siRNA mediated 
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knockdown of Smads entirely blocked G3BP1-induced EMT, signifying the role of Smad 

signalling pathway in this process. Likewise, G3BP1-knockdown blocked the mesenchymal 

phenotype of MDA-MB-231 cells in vitro and repressed tumour growth and metastasis of 4T1 

cells in vivo, suggesting that G3BP1 has a role in breast cancer progression and may serve as 

a potential therapeutic target for metastatic human breast cancer [106]. G3BP2, on other hand, 

inhibits matrix-stiffness induced-EMT in MCF10A (human) and Eph4Ras (mouse) cell lines 

by sequestering TWIST1 (an important mechano-mediator) into the cytoplasm. Matrix 

stiffness mediates EMT via the TWIST1-G3BP2 mechano-transduction pathway. During 

matrix stiffness, TWIST1 detaches from G3BP2 and moves to nucleus, resulting in EMT 

induction. Moreover, G3BP2-knockdown leads to constitutive localization of TWIST1 to 

nucleus and subsequent induction of EMT, suggesting that the TWIST1-G3BP2 mechano-

transduction pathway responds to biomechanical signals from the tumour microenvironment 

to drive EMT [105]. However, a more recent study contradicts these findings by suggesting 

that G3BP2 has a role in breast cancer initiation by stabilizing mRNA transcripts of Squamous 

cell carcinoma antigen recognized by T cells 3 (SART3). SART3 is responsible for the 

expression of pluripotent transcription factors, Oct-4 (octamer binding protein 4) and Nanog. 

These findings support the role of G3BP2 as a breast cancer initiating protein. Moreover, this 

report suggests that a lead anticancer compound, C108, interacts with G3BP2 via its RRM, 

thereby facilitating the degradation of SART3 mRNA with subsequent tumour suppression 

[134]. These reports suggest that G3BP2 can serve as a positive regulator of breast cancer 

initiation as well as a negative regulator of cancer metastasis. These two contradictory roles 

of G3BP2 can be due to the fact that to acquire cancer initiating properties for metastatic 

colonization the cancers cells must lose their EMT-phenotype [135].   
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1.3.2b. G3BPs in viral infections 

Several studies have shown that G3BPs have antiviral activity and are targeted by various 

viruses in order to permit progression of infection by the viruses. For instance, in poliovirus 

infection, the viral 3C protease splits the NTF2-like domain and RRM domains of G3BP by 

cleaving it between residues Q325 and G326, with subsequent SGs inhibition [136]. G3BPs 

have also been reported to play an important role in the viral assembly of hepatitis C virus 

(HCV), as they are the potential constituent of the viral replication complex [137]. G3BPs 

NTF2-like domain have been reported to interact with the nsP3 (non-structural protein 3) 

protein of alphaviruses, including Semliki Forest virus (SFV) and  Chikungunya (CHIKV) 

[138-140] whereas another study suggests that G3BPs along with Caprin I, regulate the role 

of interferon during Dengue (DENV-2) virus infection and are essential for the accumulation 

of Interferon Stimulated Genes (ISGs). This study also suggests that these proteins are 

essential for efficient expression of protein kinase R (PKR) and interferon induced 

transmembrane protein 2 (IFITM2) [141]. Infection with Rubella virus has been shown to 

change the localization of host G3BPs, indicating that G3BPs may play an important role 

during viral infection [142]. Viral nsP3 protein contains an SH3-domain binding motif which 

facilitates its interaction with G3BPs, resulting in G3BPs recruitment to viral cytoplasmic foci 

and subsequent inhibition of SG assembly [143].  

 

The interaction of nsP3 with G3BPs has been confirmed in CHIKV infection. CHIKV 

infection mediates cytoplasmic G3BP1 and G3BP2 containing granules which differ from the 

actual SGs in terms of morphology and behaviour. Although knockdown of G3BP1 and 

G3BP2 has shown that G3BPs play an essential role in efficient viral replication, it assumed 

that they do not have any direct role in RNA synthesis as the cellular fractions of CHIKV 

replication/transcription complexes do not contain G3BPs [144]. Another study has shown 
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that not only viral but also several cellular FGDF-motif containing proteins interact with 

G3BPs and inhibit SG formation. It has been demonstrated that the nsP3 protein of SFV; the 

ICP8 protein of herpes simplex virus (HSV) and in addition, a cellular protein USP10 interact 

with G3BPs via FGDF-motif sequence and inhibit SGs formation [145].  The FGDF-mediated 

G3BP binding represents an attractive target for therapeutic interventions against a range of 

diverse viral infections and may also regulate the p53-stabilising function of USP10 in 

cancers.  

 

Viral RNA-host protein interactions are of prime importance for replication of RNA viruses 

like flaviviruses (a genus of positive strand RNA-viruses), comprising life threatening vector-

borne human pathogens including west nile virus (WSNV) and dengue virus (DENV-2). 

Recently it has been shown that all flaviviruses have non-coding subgenomic flaviviral RNA 

(sfRNA), formed by the incomplete degradation of viral 3ʹ-UTR by cellular exonuclease 

XRN1 [146]. Follow up studies on the Kunjin strain (KUNV) of WSNV showed that sfRNA 

antagonized IFN antiviral activity [146,147]. G3BP1, G3BP2 and CAPRIN1 are novel 

regulators of antiviral mechanisms as they are required for the efficient translation of 

interferon stimulated genes (ISG) e.g. protein kinase R (PKR) and interferon-induced 

transmembrane protein 2 (IFITM2). DENV-2 sfRNA binds to G3BP1, G3BP2 and CAPRIN1, 

impeding their role in innate immunity and subsequent inhibition of ISG mRNA translation 

[141]. The interaction of G3BPs with IFITM genes is further explored in Chapters 4 and 5 of 

this thesis. 

 

1.3.2c. G3BPs and mRNA interaction 

Functional studies of G3BPs have extensively been focused on finding their mRNA targets, 

though to date only one mRNA target has been identified for G3BP2 [134]. G3BP1, however, 
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was found to bind with and interact with c-MYC mRNA. G3BP1 was shown to exhibit 

endonuclease activity in a phosphorylated manner, subsequently cleaving the 3ʹ-UTR of 

mRNA [97]. Later on, other studies have also supported this function of G3BP1 [127,148] 

and it can also be applied to other mRNAs e.g. BART [126], CTNNB1 [122], IGF-II and 

GAS5 [104]. Occasionally, G3BP1 has been found to play role in mRNA stability e.g. TAU 

[131] and CDK7 [132]. In its phosphorylated form, G3BP1 exhibits endoribonuclease activity 

while unphosphorylated G3BP1 plays role in cell proliferation and this suggests that 

phosphorylation status of G3BP1 may function as a cell growth switch where phosphorylated 

G3BP1 mediates degradation of growth-related mRNAs and thus reduce cellular proliferation 

[107]. 

 

G3BP1-regulated mRNAs have been found to affect cell growth both in positive (e.g. c-MYC 

[97] and CDK  [104]) and in negative processes (e.g. GAS5 [132]). The RNA binding 

specificity of G3BP1 has in several different cases been shown to be influenced by protein 

interactions. CD24 interaction with G3BP1 can inhibit BART mRNA decay which leads to 

increased invasion capacities of pancreatic cancer cells [126] and Caprin1 can interact with 

G3BP1 and affect its localization to SGs [112]. Recent investigations have shown that 

subgenomic flaviviral RNA (sfRNA) of alphaviruses family (e.g. Dengue virus) binds to host 

proteins such as G3BP1, G3BP2 and Caprin1 and antagonize their antiviral activity. 

Moreover, this study suggests that G3BPs along with Caprin1 have a role in the translation of 

the ISGs [141].  

 

1.3.3d. G3BPs and SGs Formation 

The activity of G3BP proteins vary depending on the cellular conditions, even though the 

general function may be to influence cell proliferation and survival. Both G3BP1 and G3BP2 
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can associate with polysome-associated mRNP complexes [130,131] and the key role for this 

might be to stop translation initiation of mRNAs and induce SGs formation. 

 

The dynamic transport of mRNPs between translating polysomes and translationally detained 

bodies such as SGs might be the result of mRNA sorting. Exposure to stressful conditions 

leads to SGs assembly, but both the extent and form of stress may affect the components of 

SGs. The most common stress inducing agents in vitro are heat shock and treatment of cells 

with sodium arsenite, which blocks translational initiation via several different ways and 

induce SGs formation. Sodium arsenite is a chemical compound, derived from arsenic and 

induces cellular stress and signalling cascades such as the MAP kinase pathway, which 

consequently overlaps with cancer and neuropathy development pathways [149-151]. Sodium 

arsenite induces oxidative stress response and HRI activation, which causes phosphorylation 

of eIF2α and subsequently arrests translation [151,152] whereas heat shock induces rapid 

formation of defensive proteins and subsequent activation of HRI [152,153].  

 

Both G3BP1 and G3BP2 have been found to be localized in eIF2α-induced SGs [113] but 

they have also been reported to induce SGs independently [154]. G3BPs are recruited to SGs 

in a dephosphorylation dependent manner indicating that the phosphorylation status of G3BPs 

might influence the fate of the mRNA by protecting it from degradation during cellular stress. 

Under normal conditions, G3BP1 is phosphorylated, causing mRNA degradation, whereas 

upon cellular stress, unphosphorylated G3BP1 can oligomerize and bring mRNA to the stress 

granule. In concordance with this, arsenite leads to dephosphorylation of G3BP1 at Ser149 

and subsequent SG formation [113]. 
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Besides stress inducing agents, overexpression of several RBPs such as TIA-1, CPEB1 and 

G3BPs along with inhibition of translational initiation complex components [155,156] can 

induce SGs assembly [113,157,158]. Most of the stress factors supress translational initiation, 

forming SGs by inducing phosphorylation of the eIF2α whereas SGs induction by G3BPs is 

independent of this phosphorylation and could affect the translational complex afterwards by 

PKR-dependent phosphorylation of eIF2α [148]. However, other studies have reported that 

the overexpression of the C-terminal region of G3BPs can cause phosphorylation of eIF2α 

[126], on the other hand, there have been contradictory studies reporting that G3BP-induced 

SGs assembly may be regulated through colocalization with another SGs marker protein TIA-

1[113,148,159]. 

 

1.3.4. G3BPs as a cancer biomarker and drug target 

Several aspects of G3BP biology including; the overexpression of G3BPs in human cancers, 

the reported functions in growth-related signalling pathways, SGs formation and breast cancer 

metastasis demonstrate that G3BPs can be a potential target in cancer therapeutics, though no 

direct relationship has been found between expression and clinicopathalogical parameters 

[103]. Early reports suggested that G3BP1-RasGAP interactions happen in proliferating cells 

in a RasGAP-dependent manner and since G3BP1-interacting RasGAP-derived peptides 

showed cytotoxic effects on tumour cells, but not normal cells [160], a study was conducted 

to evaluate the potential of targeting G3BPs as an anticancer strategy. The peptide GAP161 

did compete with RasGAP for G3BP-interactions and led to reduced G3BP proteins 

expression. This further triggered an apoptotic response in colon carcinoma cells and 

suppressed cell growth in tumour-bearing mice, supporting the idea of targeting G3BPs for 

novel therapies [99]. However, it is important to bear in mind that neuronal cell death and 

embryonic lethality has been detected in G3BPs-deficient mice and therefore, targeting of 
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G3BPs is not a simple task. There are essential roles for RNA-binding proteins to regulate 

appropriate gene expression in normal cells cancers but defects in these mechanisms may 

contribute to cancer aetiology.  G3BPs play an important role in normal cell gene expression 

and systemic treatment of patients with strategies to block the activity of G3BPs will have 

consequences on the normal tissues and the cells within the host, therefore, further studies are 

required before anti-cancer strategies targeting G3BPs can be considered.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
  

33 
 

1.4. INTERFERON SIGNALLING 

Interferons (IFNs) are cytokines which are secreted by the cellular immune system in response 

to viral infections, tumours and other pathogenic agents. IFNs are classified into three 

subtypes: type I, type II and type III. In humans, the type I IFNs comprise of 16 members, 

including 12 IFNα subtypes, IFN β, IFNε, IFNω and IFNк. IFNγ is the only member of the 

type II subclass whereas type III consists of IFNλ1, IFNλ2 and IFNλ3. These diverse types of 

IFN regulate a complex series of signalling events involving STAT proteins, with subsequent 

induction of ISGs. The identity and distinctive expression profiles of ISGs correlate with the 

specific IFN-subtypes and such distinctive profiles of genes are responsible for the generation 

of specific biological responses [161]. This thesis will address how G3BPs may play a role in 

type I interferon signalling responses and may regulate the expression of some effector genes. 

 

1.4.1. Type I Interferon Signalling Pathways 

Almost all the cells of the body produce IFNα/β in response to the stimulation of special 

receptors, known as IFNα/β receptors (IFNAR) 1 and IFNAR2. These receptors are situated 

on the cell surface, in the cytosol or endosomal compartments and sense foreign particles like 

pathogens or self DNA and induce IFNs by activation of the transcription factor IRF3 which 

is regulated by various different transcriptional regulatory mechanisms. IFNAR1 is 

constitutively associated with tyrosine kinase 2 (TYK2) whereas IFNAR2 induces signal 

transduction mainly through Janus-Kinase (JAK) and signal activator and transducer (STAT) 

pathway, subsequently triggering various immunological functions depending on the 

biological and pathophysiological conditions. IFNs diffuse to neighbouring cells and bind to 

cell surface receptors (IFNAR1/2) with subsequent phosphorylation and activation of JAK1, 

JAK2 and Tyk2. Activated JAKs subsequently phosphorylate and activate STAT1 and STAT2 
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which form homodimers (STAT1-STAT1) and heterodimers (STAT1-STAT2). These dimers 

then form a complex, called interferon-stimulated gene factor 3 (ISGF3), with the interferon 

regulated factor (IRF) 9 which is then transported to the nucleus by importins where they bind 

to the interferon response elements (ISREs) [162] and/or to IFNγ-activated site (GAS) [163] 

(as shown in Fig. 1.3.2.) to stimulate ISGs expression such as IFITM1, IFITM2, IFITM3, 

PLSR1 and many more [164-169]. 

 

Besides the JAK-STAT pathway, type I interferons are also involved other non-classical 

signalling pathways including the p38/MAPK and PI3K pathways. These pathways are 

activated by the IFNAR in cell specific and stimulus specific manners. Tyk2 and JAK are 

involved in the regulation of these pathways as they phosphorylate and stimulate the upstream 

regulators of p38 and the insulin receptor substrate (IRS) 1 and 2, inducing p38 MAPK and 

phosphatidylinositol-4,5-bisphosphate kinase (PI3-K) pathway, respectively [170].   

 

Fig. 1.5. Activation of JAK/STAT pathway by IFN. Activation of the IFNAR by type I 

interferons leads to the activation of the JAK-STAT pathway with subsequent 

phosphorylation of the STATs by JAK and TYK2. Phosphorylated STATs form a complex 

with IRF9, called ISGF3 which bind to ISRE to activate the ISGs expression. They also form 

homo- or hetero-dimers which bind to the GAS element, subsequently activating ISGs 

expression. 
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Type I and type II interferons have been found to induce the phosphorylation of insulin 

receptor substrate (IRS) which phosphorylates PI3-K with subsequent phosphorylation and 

activation of Akt/protein kinase B (PKB) leading to the activation of a various signalling 

cascades. The IRS proteins have multiple tyrosine phosphorylation sites which serve as the 

substrate binding sites for the upstream phosphorylation by tyrosine kinases and as docking 

sites for the numerous downstream signalling components [171-174]. This pathway is 

distinctively different from the JAK-STAT pathway because IRS-1 and IRS-2 do not have 

SH2 domain binding docking sites for STATs. Moreover, the activation of IRS is not essential 

for the DNA binding of STATs [174,175]. 

Type I interferons are known to induce the p38 MAPK pathway, which is important for the 

regulation of transcriptional activation, anti-proliferative and antiviral activities of IFNs. Type 

II interferon (IFNγ) induces the p38 MAPK pathway only in specific cell types. This pathway 

has primarily been found to be involved in the transcriptional activation of the ISGs, but it 

does not play an important role in the transcriptional activation of the GAS element in 

response to IFNγ [161]. MAPK gets phosphorylated by an upstream phosphorylation cascade, 

subsequently phosphorylating p38 ultimately leading to the activation of MAPK kinase 

(MAPKK) 1 and MAPKK2. The downstream effect of this cascade leads to the transcriptional 

activation of ISGs. The exact mechanism of the p38 MAPK pathway is not known yet but the 

evidence suggests that it plays an important role in the transcription of ISGs [171]. 

1.4.2. Type I Interferon Response In Cancer 

Much has been learned about IFNs and IFN-activated signalling cascades over the last 50 

years. Due to their potent antitumor effects in vitro and in vivo, recombinant IFNs have been 

used extensively over the years, alone or in combination with other drugs, for the treatment of 

various malignancies. Once IFNs bind to their respective receptors, they trigger many 
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signalling pathways that modulate a wide range of biological responses including antiviral, 

growth regulatory, immunomodulatory, and pro-apoptotic cellular effects [170,176].  

 

Recent evidence has indicated that spontaneous innate immune sensing of cancers that leads 

to adaptive immune responses is dependent on host type I IFN production and signalling [177]. 

The innate immune system has a dual role in cancer development in both tumour initiation 

and progression. Innate immune cells can, aid malignant transformation and tumour 

outgrowth, however, and, in contradiction to this, can also prevent tumour progression [178]. 

A recent study suggests that targeting interferon response sensitizes aromatase inhibitor 

resistant breast cancer cells (AI-resistant cells) to estrogen induced cell death. It has been 

shown that in AI-resistant breast cancer cells several interferon stimulated genes (ISGs) 

including IFITM1, PLSCR1 and STAT 1 are constitutively overexpressed and their 

knockdown inhibited the cells ability to proliferate, invade and migrate [179].  

 

1.4.3. Type Interferon Response In Viral Infections 

Type I interferon responses provide the first line of defence against viral infections by 

inducing the expression of several antiviral proteins which inhibit viral infections by 

establishing the antiviral state [180]. This antiviral defence is very important to restrict the 

viral infection prior to the induction of the adaptive immune response [181]. Type I interferons 

not only induce antiviral proteins but also increase the proliferation of the natural killer (NK) 

cells and the cell-mediated cytotoxicity by NK cells, which subsequently leads to the apoptosis 

of the infected host cells [182]. Type I interferons have direct and indirect effects on the 

antigen presenting cells (APC), including; NK cells, DCs, B- and T-lymphocytes [183]. 

Furthermore, type I interferons mediate the differentiation of monocytes into dendritic cells 

(DC) and upregulate the major histocompatibility (MHC) class I to increase the antigen 
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presentation of viral factors [184]. Type I interferon may also induce the long term production 

of antibodies and proliferation of memory T-cells [185]. Not all of the ISGs possess general 

antiviral activity and different ISGs show different antiviral phenotypes, with some inhibiting 

specific viruses. So far, several ISGs have been studied for their antiviral activities and 

IFITMs have been emerging as one of the most important interferon induced antiviral proteins 

[186-194]. 

 

1.4.4. Interferon Induced Transmembrane (IFITM) proteins 

The IFITM gene family was identified for the first time more than 20 years ago in screens for 

IFNα inducible genes, however, their antiproliferative and antiviral properties have been 

identified during the last decade. In humans, five IFITM genes (IFITM1, IFITM2, IFITM3, 

IFITM5 and IFITM10) have been identified so far and these genes are all located on 

chromosome 11. IFITM5 is not IFN-stimulated gene and has a role in bone mineralization 

whereas not much is known about IFITM10 therefore, these will not be discussed further here. 

IFITM1, IFITM2 and IFITM3 share high amino acid sequence homology and all are found to 

have membrane localization, though their exact arrangement of membrane localization is still 

not fully characterized. The N-terminal domains (NTDs) of IFITM2 and IFITM3 are 20 and 

21 amino acids longer than IFITM1, respectively. Primarily, it was suggested that IFITM 

proteins are transmembrane proteins with both the NTD and the C-terminal domain (CTD) 

located externally whereas later studies suggested these proteins are cytosolic and just the 

hydrophobic domains interact with the membrane. Recently, a new model has been proposed 

for IFITM3, which suggests that the NTD and conserved intracellular loop (CIL) domains are 

cytoplasmic whereas the CTD domain is extracellular (Fig.1.5.1.) [195]. 
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Fig.1.6. The topology and domain organization of IFITM proteins. (a) Represents 

topological models for IFITM proteins. (I) represents the transmembrane model, with both 

NTD and CTD whereas CIL facing cytoplasm, (II) shows that all the NTD, CTD and CIL are 

positioned intracellularly, (III) represents the recent model proposed for IFITM3. This 

combines both model I and II, suggesting that the NTD and CIL are cytoplasm whereas the 

CTD is positioned extracellularly. Replicated from Smith et al., (2014)  [195]. 

 

 

  

1.4.4a. Antiviral activity of IFITM proteins 

The discovery of inhibition of influenza A virus (IAV) by IFITMs has greatly expanded the 

antiviral spectrum of IFITMs. The antiviral activity of IFITMs against various enveloped and 

non-enveloped viruses (both DNA and RNA) has been tested (summarized in table 1.1). In 

2009, Brass et al., found that IFITMs inhibit IAV, DENV, WNV and YFV at the early stage 

of infection. They reported that the interferon’s defensive role is reduced up to 40-70% by 

knockdown of IFITM3 and most importantly the depletion of the IFITM loci in MEFs 

significantly increased IAV infection in those cells. In contrast to IAV, DENV, YFV and 

WNV IFITMs did not affect the infection of pseudotyped arenaviruses such as lymphocytic 

choriomeningitis virus, Machupo virus as well as of the MLV retrovirus [196]. The antiviral 

potential of IFITM proteins was further extended to Marburg virus and Ebola virus 

(Filoviridae), and SARS-CoV (coronaviridae) by Huang et al., They also suggested that  
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Table 1.1. Viruses restricted by IFITMs. Lists viruses along with the IFITM phenotype that 

can restrict its infectivity.  Modified from [188,191]. 

 
Family name Virus name pH 

Dependency 

Infection 

inhibition 

IFITM phenotype 

Enveloped Viruses 

Orthomyxoviridae Influenza A virus Yes Yes IFITM3>IFITM2>IFITM1 

Influenza B virus Yes Yes IFITM3>IFITM2>IFITM1 

Flaviviridae West Nile virus Yes Yes IFITM3>IFITM1>IFITM2 

Dengue virus Yes Yes IFITM3>IFITM1>IFITM2 

Hepatitis C virus Yes Yes/No IFITM1 

Yellow fever virus Yes Yes IFITM3>IFITM1>IFITM2 

Omsk hemorrhagic 

fever virus 

Yes Yes IFITM3>IFITM1>IFITM2 

Rhabodoviridae Vascular stomatitis 

virus 

Yes Yes IFITM3>IFITM1>IFITM2 

Rabies virus Yes Yes IFITM1 

Lagos bat virus Yes  IFITM1 

Scophthalmus 

maximus virus  

Yes Yes IFITM1 

Filoviridae Marburg virus Yes Yes Variable in different cell lines 

Ebola virus Yes Yes Variable in different cell lines 

Coronaviridae HCoV-OC43  

 

Yes Increase IFITM1/IFITM2, not IFITM3 

SARS coronavirus Yes Yes Variable in different cell lines 

Retroviridae HIV  Yes/No Variable in different cell lines 

MLV No No No 

Jaagsiekte sheep 

retrovirus  

 

Yes Yes IFITM1 best 

Arenaviridae Lassa virus Yes No No 

 Machupo virus  

 

Yes No No 

Lymphocytic 

choriomeningitis virus 

Yes No No 

Alphaviridae Semliki forest virus Yes Yes IFITM2>IFITM3>IFITM1 

Bunyaviridae La Crosse virus  

 

Yes Yes IFITM1>IFITM2>IFITM3 

Hantaan virus  

 

Yes Yes IFITM1>IFITM2>IFITM3 

Andes virus  

 

Yes Yes IFITM1>IFITM2>IFITM3 

Rift Valley fever virus  

 

Yes Yes IFITM2/IFITM3 

Crimean–Congo 

haemorrhagic fever 

virus  

 

Yes No No 

Non-enveloped Viruses 

Reoviridae Reovirus Yes Yes IFITM3 

Papilomaviridae Human 

papilomaviruses 

Yes Increase Increases by 

overexpression of IFITM1 & 

IFITM3 

Herpesviridae Human 

cytomegalovirus 

Yes No No 

Adenoviridae Adenovirus type V Yes No No 
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IFITMs possess a different restriction phenotype against different viruses.  For example, 

IFITM1 is most potent against SARS-coronavirus, Ebola virus and Marburg virus as 

compared to IFITM3, which is more effective against IAV than IFITM1 [197]. 

 

Virus specific inhibitory IFITM-phenotypes have been observed for other viruses such as 

bunyaviruses. It has been shown that all three of the IFITMs inhibit Hantaan virus and Andes 

virus but none of them are potent against Congo hemorrhagic fever virus and only IFITM2 

and IFITM3 showed inhibitory activity against Rift valley fever virus (RFV) [187]. IFITM3 

is also potent against alphaviruses including infection by CHIKV, SFV, SINV and ONNV 

was increased in IFITM3 depleted MEFs whereas IFITM2 did not show potent inhibitory 

activity against alphaviruses [189]. Although IFITM proteins mainly inhibit enveloped 

viruses, IFITM3 has been found potent against a non-enveloped virus, called Reovirus [198].  

 

Until now, Revirus is the only non-enveloped virus which is inhibited by IFITM3 and they do 

not have inhibitory affects against other non-enveloped viruses such as cytomegalus virus 

(CMV), Adenovirus type V and human papillomaviruses [192]. Though IFITMs have been 

found to restrict viral infection, mostly by inhibiting viral entry to the host cells, a recent 

reports shows that HCoV-OC43 (a member of coronaviridae family) uses IFITMs as an entry 

factor to mediate the viral infection instead of inhibiting infection. It has been suggested that 

the deletion of C-terminal of IFITM1 increases the infection by HCoV-OC43 whereas it does 

not affect either IAV or SARS-CoV infection. Moreover, the N-terminal of IFITM3, which is 

critical for restricting IAV and SARS-CoV viruses, is not important for HCoV-OC43 infection 

[194].  Taken together, these data suggest that IFITMs possess distinct inhibitory phenotypes 

against different viruses, and this may be due to their different cellular localizations.  
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1.4.4b. Role of IFITM proteins in tumorigenesis 

Most research studies have focused on the antiviral activity of IFITMs so not much is known 

about their role in cancer. They were first identified as a molecular marker for colorectal 

cancer. A large scale human cancer analysis was done which showed that IFITM proteins 

expression is upregulated specifically in human colorectal cancers [199] and now both 

positive and negative regulation of IFITM expression has been found in various malignant 

tumours. IFITMs have a role in cell cycle therefore, they were thought to act as tumour 

suppressor genes but recent reports have shown that IFITMs can also be involved in cancer 

progression and metastasis. IFITMs are overexpressed in adenoma cells as compared to the 

nearby mucosa cells and are also highly expressed in colon carcinoma [200,201]. IFITM1 and 

IFITM3 have been involved in few types of cancers. For example, IFITM1 is reported to be 

involved in the early stage invasion and metastasis of head and neck squamous cell carcinoma 

[202] and in progression of colorectal cancer through the CAV-1 pathway [203]. It has been 

reported that siRNA mediated knockdown of IFITM3 in colon cancer cells inhibited the 

proliferation, invasion and metastasis [204]. A recent immunohistochemical study has shown 

that IFITM3 is overexpressed in human lung adenocarcinoma and in vitro knockdown of 

IFITM3 supressed the cell migration, proliferation and invasion [205].  

 

IFITM1 and IFITM3 also have a role in breast cancer. ISGs like IFITM1 and PLSCR1 are 

overexpressed in aromatase inhibitor resistant breast cancer cells and targeting IFITM1 and 

other ISGs led to less aggressive behaviour of these cells by sensitizing those cells to estrogen-

induced cell death [179].  Moreover, IFITM1 is constitutively overexpressed in the SUM149, 

triple negative breast cancer cell line, and downregulation of IFITM1 leads to less aggressive 

characteristics of SUM149 cells [206]. An immunohistochemical study revealed that IFITM3 

is overexpressed in invasive breast cancer cells as compared to the normal breast tissues, 
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primarily associated with the estrogen and progesterone receptors status. shRNA-mediated 

knockdown of IFITM3 in breast cancer lines led to cell cycle arrest at G0/G1 phase 

subsequently decreasing the cell viability, growth and colony formation which indicates that 

IFITM3 can be a potential target for breast cancer treatment [207]. 

 

To date there are only two reports about the role of IFITM2 in carcinogenesis. In the first 

study it has been reported that IFITM2 is overexpressed in colon cancer but it has a pro-

apoptotic role in a p53 dependent manner [208]. Recently, the role of IFITM2 has been studied 

in gastric cancer. It has been reported that IFITM2 is overexpressed and involved in the 

progression and metastasis of gastric cancer [208].  All these studies suggest that IFITMs have 

a role in the progression and metastasis of various cancers and so it is important to study the 

underlying mechanisms of their induction to understand their complete role in tumorigenesis.  
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1.7. RESEARCH AIMS AND APPROACHES 

A thorough understanding of the role of G3BPs in regulating cellular functions including the 

regulation of gene expression through its impact on proliferation and metastasis requires a 

comprehensive study of the molecular mechanisms underlying its activity in post 

transcriptional gene regulation. A wide array of research describes the importance of RNA-

protein interactions in cellular functions, however, a relatively small number of studies that 

have begun to investigate the role of G3BPs in the post-transcriptional and translational 

processes and suggest that such interactions form the basis for G3BPs functions under normal 

and stressed conditions. To date, the role of G3BPs in these mechanisms is not fully 

understood so further investigation of specific RNA targets of G3BP is required.  

 

Several recent studies suggest that G3BP1 and G3BP2 have an important role in innate 

immunity and are targeted by various viruses to spread infection. A recent report suggests that 

G3BP1, G3BP2 and Caprin I are essential for the translation of the Interferon Stimulated 

Genes (ISGs) such as IFITM2, PKR, ISG15 (as described earlier), but the study does not 

report the exact role of these proteins in the regulation of ISGs. Therefore, studying the 

regulation of ISGs like the IFITM family, which play key roles in innate immune response 

against viruses and in cancer metastasis, would provide a better understanding of the role of 

ISGs during tumorigenesis and viral infections. To explore this, the preliminary aim of the 

research reported here was to study the role of G3BPs in the regulation of IFITM genes. 

 

The inception of this research study was based on a recent report about the role of G3BPs in 

the translational regulation of the ISGs [141]. This research study showed that G3BP1, G3BP2 

and Caprin1 are involved in the translational regulation of the ISGs, specifically of IFITM2 

and PKR. Therefore, the current research study was aimed at investigating the role of G3BP 
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in binding and regulating the IFITM2 mRNA transcript.  IFTM2 has been implicated in 

antiviral and antiproliferative activities and has recently been reported to be involved in gastric 

cancer metastasis. Based on the available literature and database searches it was revealed that 

IFITM1 and IFITM3 share ~70% sequence homology with IFITM2, therefore IFITM1 and 

IFITM3 were included in the studies reported here.  Furthermore, IFITM1 and IFITM2 have 

been implicated in cancer metastasis and drug resistances which are themes being explored 

by the host laboratory.  

 

Although IFITM1, IFITM2 and IFITM3 are interferon induced proteins the study design 

required that a cell line that constitutively expresses these proteins would be beneficial to the 

characterisation of the pathways involved in their translational regulation.  As these proteins 

are emerging to have a role in tumorigenesis, cancer metastasis and drug resistance, the ideal 

choice of cell lines would include a cancer cell line that could be induced with IFNα to express 

the IFITM proteins and a multidrug resistant (MDR) cell line that constitutively expressed the 

proteins. The MCF7-wt breast cancer cell line was chosen for these studies because the host 

laboratory had already established MDR.MCF7 cell line and these could be readily explored 

to determine if they constitutively expressed the IFITM proteins.  

 

Chapter 3 describes the optimisation of IFITM genes induction in MCF7-wt cells and 

investigates the expression levels of IFITM genes in MDR.MCF7 cells. MCF7-wt cells 

express significant levels of IFITM1, IFITM2 and IFITM3 both at transcriptional and 

translational levels after treating with 1000U/ml of IFNα for 12 hours whereas MDR.MCF7 

cells constitutively express IFITM1, IFITM2 and IFITM3. 
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Chapter 4 and 5 describe the individual role of G3BP1 and G3BP2 in the translational 

regulation of IFITM proteins in MCF7 and MDR.MCF7 cells, respectively. First, the effect 

of G3BPs downregulation was studied at the mRNA and protein expression levels of IFITMs 

by performing qRT-PCR and immunoblot analysis. In addition, a luciferase reporter, with 

UTRs cloned into the 3ʹUTR region of luciferase was used to confirm, in vitro, that the 

G3BP’s RNA-binding elements found in the endogenous IFITM genes could also regulate 

luciferase translation.  Finally, RNase assisted chromatography was used to identify specific 

G3BP-3ʹ-UTR interactions. 
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2. EXPERIMENTAL METHODS 

This chapter describes the materials and methodology used in this thesis. All the sections 

describe the detailed method and solution recipes used to perform specific methods and 

techniques.  

 

2.1. General CELL CULTURE PROCEDURE 

2.1.1. Culture of MCF-7/MDR.MCF7/HELA Cells 

MCF-7-wt (mammalian breast cancer cells) and Hela (mammalian cervical cancers cells) cells 

were originally obtained from ATCC (USA) and stored in liquid nitrogen or maintained in the 

host laboratory. MDR.MCF7 were made in host laboratory by long term treatment with CDDP 

and 5-FU, until they constitutively expressed the MDR-1 protein (as shown in Appendix 1). 

Moreover, a resistance index (RI) was determined for the MDR.MCF7 cells to determine the 

drug resistance of the cell line.  The RI was calculated as the ratio of the IC50 of the MDR cell 

line: IC50 of untreated MCF7-wt cell line. The RI of MDR.MCF7 cells against 5-FU was 

2.7, while CDDP was 1.3. All cultures were grown in DMEM/F12 (1:1) (Gibco Life 

Technologies) supplemented with 10% fetal bovine serum (Gibco Life Technologies) and 1X 

penicillin-streptomycin (Gibco Life Technologies) in T75 flasks. Cells were maintained at 5% 

CO2 at 37 OC in a humidified incubator. 

 

2.1.2. Total Cell Lysate Preparation 

Cells were cultured in T75/T25cm2 flasks and were incubated until 80-85% confluent. After 

the appropriate incubation time, the cells were trypsinized (Gibco Life Technologies) and 

harvested. The cell pellet was lysed in cold RIPA buffer (Sigma Aldrich, Cat #R0278) 

supplemented with protease cocktail inhibitors (Thermo Fisher, Cat # 87786). After 15 

minutes the cell lysate was centrifuged for 20 minutes at 15000rpm. The supernatant was 

collected into fresh tubes and kept at -80°C. To get nuclear extracts the cell pellet was first 
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resuspended in ~3PCV (packed cell volume) of hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 

mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMS) and cells were allowed to swell for 10 

minutes at 40C. The cells were then spun at 4000rpm for 15 minutes and nuclei pellet was then 

resuspended in ½ PNV (packed nuclear volume) of low salt buffer (20 mM HEPES, pH 7.9, 

25% glycerol, 1.5 mM MgCl2, 0.2 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) and 

equal volume of high salt buffer (20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl2, 1.2 

M KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF ) was also added while constantly 

stirring the nuclei. The nuclear lysate was kept rocking at 40C for 30 minutes and the 

supernatant was collected by spinning the nuclear lysate at maximum speed for 30 minutes. 

The protein concentration of total cell lysates was determined by using Bio-Rad DC protein 

assay kit. The nuclear lysate was used as a source of hnRNPA2/B1 to establish RARC in host 

laboratory.  

 

2.1.3. Transient Transfection 

Cells were plated at the optimised density in 6 well plates and incubated for 24 hours. Cells 

were transfected using Lipofectamine 2000 (Invitrogen, 11668-019), following the 

manufacturer’s instructions. This technique was used for the transfection of reporter 

constructs and also for siRNAs for G3BP1/G3BP2 and controls. 

 

2.1.3a. siRNA transfections to knockdown G3BP1/G3BP2: 

Dharmacon (www.dharmacongelifesciences.com) customised siRNAs were used to 

knockdown the target genes, G3BP1/G3BP2 along with Non-specific (siNS) siRNAs as 

controls. Originally 4 individual siRNAs were purchased for each gene target.  Each siRNA 

was assessed independently to identify oligos that showed maximum knockdown of the target 

gene and showed no evidence of off target effects. The siG3BP1 and siG3BP2 treated cells 
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were incubated for 96 hours before extracting protein or mRNA for knockdown analysis. 

Table 2.1 shows the details of the different siRNAs used in the present thesis work. 

 

Table 2.1. List of siRNAs (purchased from Dharmacon) used for this research work.  

siRNA Cat # Target Sequence 

siG3BP1 D-012099-18 GUGCGAGAACAACGAAUAA 

siG3BP2 D-015329-02 GGAAGUACGUUUAAAUGUG 

siNS (Non-specific) D-001206-14 UAAGGCUAUGAAGAGAUAC 

 

 

2.1.3b. Plasmid transfections: 

The pGL3 constructs containing the candidate targets were transfected into MCF7-wt or 

MDR.MCF7 cells using Lipofectamine 2000 reagent (Invitrogen, 11668-019), following the 

manufacturers’ protocol. In brief, 1μg of total plasmid concentration (reporter construct and 

renilla vector in 1:10 ratio) was transfected into 5x104 of cells. 

 

2.2. GENERAL BACTERIAL PROCEDURES 

2.2.1. Liquid Cultures 

Bacterial liquid cultures were grown in Luria-Bertani (LB) broth (1 liter: 10g tryptone, 5g 

NaCl, 5g Yeast Extract; pH 7.5) containing ampicillin (100mg/ml), inoculated under sterile 

conditions by addition of single colonies from bacterial growth plates, or from samples of 

liquid cultures, and were each grown with aeration o/n at 370C to obtain proper growth. 

Samples of liquid culture to be kept for storage were placed into 40% Glycerol solution and 

stored at -80oC. 
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2.2.2. Plate Cultures 

Bacterial plate cultures were prepared under sterile conditions by application of an appropriate 

liquid sample of bacterial cells directly to the plate surface (LB agar + recipe), followed by 

spreading of this sample with a heat-sterilized glass spreading implement. In all cases, plates 

were dried at room temperature, agar face up, for approximately fifteen minutes, and were 

subsequently grown for 12-16 hours at 37oC, agar face down. Plates were subsequently sealed 

with parafilm, and stored at 4oC, as required. 

 

2.2.3. Bacterial DNA Transformation 

Plasmid DNA (10-50 ng) or ligation mixture was added to 10μl of competent cells (E.coli, 

JM109, Promega), thawed on ice. Transformation was by heat-shock, in brief, competent cells 

were incubated on ice for 10 min followed by incubation at 42oC for 30 sec and a further 2 

min on ice. Then the resultant sample was incubated at 37oC for 1 hour with shaking. 50 µL 

of this culture was plated onto LB Agar plate(s) containing the ampicillin (100mg/ml). Plates 

were incubated as described (2.2.2). 

 

2.3. DNA MANIPULATION 

2.3.1. Preparation of Bacterial Plasmid DNA 

In all cases, plasmid DNA was isolated from cultures of E.Coli using a QIAprep Spin    

Miniprep/Midiprep Kit, according to the manufacturers’ instructions. 

 

2.3.2. Determination of DNA/RNA Concentrations 

To determine the concentration of the purified DNA after preparation, the optical density (OD) 

was measured at 260nm and 280nm using the NanoDrop® ND 1000 spectrophotometer 

(Thermo Fisher). The content was calculated as 1 unit of OD260 equalling 50μg/ml double-
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stranded DNA or 40μg/ml RNA. The ratio OD260/OD280 provided an estimation of the 

purity and should optimally range around 1.8 for a DNA and 2.0 for an RNA solution. 

 

2.3.3. Restriction Endonuclease Digestion 

New England Biolabs (NEB) supplied all the restriction enzymes and buffers. Endonuclease 

digestion of plasmid DNA/insert was carried out for 1-2 hours using 1 unit of enzyme(s) to 

digest 1μg of DNA at 37 0C following manufacturers’ instructions, and efficiency of digestion 

was analysed by agarose gel electrophoresis. 

 

2.3.4. Agarose Gel Electrophoresis 

DNA/RNA size, purity and integrity was analysed by agarose gel electrophoresis. Samples 

were diluted in loading buffer and loaded onto 1-2% agarose gel containing 1ug/ml of 

ethidium bromide, in 1% TAE buffer (40mM Tris-HCl, 20mM acetic acid, and 1mM EDTA, 

pH 8.0) at 100V for 30-45 minutes. RNA gel was made by adding 1% of sodium hypochlorite 

into the agarose gel mix before heating. DNA/RNA was visualized by UV transillumination, 

using GEL Logic 200 imaging system (Kodak). 

 

2.3.5. Annealing of Single Stranded DNA Oligos 

After mixing 5μl (~6μg) of each strand of oligos the mixture was heated at 95 0C for 5 minutes 

and then allowed to cool gradually at room temperature for 30 minutes. Efficiency of 

annealing was checked on 2.5% agarose gel. EDA oligos were annealed using method to 

establish RARC in host-laboratory.  

 

2.3.6. Ligation of Endonuclease Digested DNA 

To ligate digested vectors and inserts, 50ng of the vector DNA was mixed with 3:1 molar ratio 
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of insert DNA, with 1μl (4U) of T4 DNA ligase (NEB) and 1/10 volume of the 10x T4 ligase 

reaction buffer in a total volume of 20μl. The reaction was incubated at 4OC o/n. 4.0ul of the 

ligation mixture was used to transform the competent cells (JM109). 

 

2.3.7. Plasmid Vectors 

pGEM3zf(+) vector (Cat # P2271, Promega) was used to generate the constructs for in vitro 

transcription for RARC (section 2.5.4) and pGL3 promoter vector (Cat # E176A, Promega) 

was used to generate constructs for luciferase reporter assay. Table 2.2 shows the list of 

primers used for generating these constructs. 

 

Table 2.2. List of primers used to generate the 3ʹUTR ITIFM constructs. 

Gene name Primer 

direction 

Primer sequence (5´-3´) 

IFITM1 Forward gcTCTAGATAGTAGCCGCCCATAGCCTGC 

IFITM1 Reverse gcTCTAGACACAAGCACGTGCACTTTATTGAATGAC 

IFITM2 Forward gcTCTAGATAGATCAGGAGGCATCATTGAGG 

IFITM2 Reverse gcTCTAGAGAAGTCACAGCAGCACCAGAAAC 

IFITM3 Forward gcTCTAGATAGATCAGGAGGCATCACTGAGG 

IFITM3 Reverse gcTCTAGAAGCACCAGAAACACGTGCACTTTATTGAATGCC 

T7  Forward TAATACGACTCACTATA 

SP6 Reverse ATTTAGGTGACGACTATAG 

 

The red colour sequence represents restriction sites added to the primer sequences, TCTAGA-

XbaI; Lower case letters represent the additional nucleotides added to primers for the ease of 

restriction digestion. T7 and SP6 primers were used for screening and sequencing of clones. 

 

2.4. PCR TECHNIQUES 

2.4.1. General PCR Amplification 

PCR product optimization was performed to ensure specificity for the target amplicons.  

Optimisation was performed for each template/primer pair to determine appropriate annealing 
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temperature and concentration of the template to be used. Optimization was done with 

gradient temperatures ranging above and below the expected annealing temperature of the 

primer pairs. In general, the temperature that demonstrated that the primers bound to the 

template at the highest temperature were selected as these were considered to be least-

permissive for non-specific annealing/amplifications. Thus, the selected parameters were 

those that generated amplicons are with the highest primer specificity. 

 

In general, 10-50μl PCR reaction mix consisted of 1-5μl (100-1000ng) of cDNA/DNA (not to 

exceed 10% of the final PCR reaction volume), 200µM dNTP mix, 0.5µM of each forward 

and reverse primer, 1/5 volume of 5x polymerase reaction buffer including MgCl2 and 0.125U 

of Taq DNA polymerase per 10μl of reaction mixture (NEB). PCR mixes were prepared on 

ice. Amplification was performed as described in tables 2.3 and 2.4 depending on the Taq 

polymerase used for the reaction. Primers used are listed in table 2.2. 

 

PCRs were performed in a Veriti 96 well thermocycler (AB Applied Biosystems). Presence 

and specificity of the amplicons was confirmed by subjecting 2-5ul of the reaction mix to 

agarose gel electrophoresis (1-2% agarose gels, TAE).  

 

Table 2.3. PCR program for amplification with Taq Polymerase 

 Cycle step Temperature Time Cycles  

      

 Initial     

 Denaturation 95OC 2min 1  

 Denaturation 95OC 30sec   

 Annealing 55-67OC 30sec 35  

 Extension 72OC 30-60 sec (60sec/kb)   

 Final     

 Extension 72OC 4min 1  
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Table 2.4. PCR program for amplification with High Fidelity Q5 Polymerase 

 

 Cycle step Temperature Time Cycles  

      

 Initial     

 Denaturation 98OC 1min 1  

 Denaturation 98OC 30sec   

 Annealing 55-67OC 30sec 35  

 Extension 68OC  60 sec   

 Final     

 Extension 68OC 5min 1  

 

2.4.2. Colony screening by PCR 

Colony screening PCR was performed to determine the presence of desired constructs in 

individual plate-grown colonies of E.Coli cells transformed with ligation reaction output DNA 

as described (2.3.6). Colonies were selected and isolated from Agar plates and resuspended in 

10 µL Milli-Q water and boiled for 1 minute in an oven at 95o. 1 µL of this resuspension was 

used as a template per reaction and PCR reaction mixture was performed as described (2.4.1.). 

 

2.4.3. Big Dye DNA Sequencing 

Plasmid DNA constructs were sequenced using Perkin-Elmer ABI PRISM Big Dye Version 

3. Reactions consisted of 4 µL Big Dye, 2 µL Big Dye Buffer, 500 ng template DNA, and 3.2 

pmoles of the appropriate primer in a total reaction volume of 20 µL. Sequencing reactions 

were incubated at 96oC for 1 min, followed by 30 cycles of 95oC for 10 sec, 34oC for 10 sec, 

and 60oC for 4 min (Table 2.5). Completed reactions were stored at 4oC prior to being prepared 

for sequencing, which consisted of transfer of each reaction to an eppendorf tube, followed 

by addition of 1/10 volume of sodium acetate (3M, pH 5.5) and 2.5 volumes of chilled ethanol 

(100%) and incubated at 4oC for 1 hour. Incubated samples were centrifuged at 4oC for 20 

minutes at maximum speed to pellet the DNA.  The supernatant was removed and the pellet 
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was washed with 200 µL of 70% ethanol and the pellet was air died. Precipitated reactions 

were sequenced at Griffith University DNA sequencing facility, Nathan campus, and the 

resulting chromatograph files analysed and compared to predicted sequences. 

 

Table 2.5. Sequencing PCR program for amplification. 

 Cycle step Temperature Time Cycles  

      

 Initial     

 Denaturation 96OC 1min 1  

 Denaturation 96OC 10sec   

 Annealing 34OC 10sec 30  

 Extension 60OC 4min   

 Final     

 Extension 72OC 4min 1  

 

2.4.4. qRT-PCR 

For qRT-PCR, the SensiFast probe No-ROX one step kit (BIO-76001) was used and samples 

were run in a Corbett Roter Gene 6000. The cycling program was set as shown in table 2.6. 

Each experiment included three independent biological assays and the results were normalized 

to the level of actin. Table 2.7 shows the primers used for the qRT-PCR.  

Table 2.6. qRT-PCR program for mRNA expression studies. 

 Cycle step Temperature Time Cycles  

      

 Initial     

 Denaturation 45OC 10min 1  

 Denaturation 95OC 15sec   

 

Annealing and 

Extension 59OC 15sec 40  

      

 

 

 

 



 
  

55 
 

Table 2.7. qRT-PCR primers used to study mRNA expression studies. 

Gene name Primer direction Primer sequence (5´-3´) 

G3BP1  Forward GCCTGTTGCTGAACCAGAGCCT 

G3BP1 Reverse TGGACGGGGCTGTGAAGCTG 

G3BP2 Forward CAAGAGAGCGAGAAACCAGAG 

G3BP2 Reverse GTTCCTCTTCCAGAGCCAAGT 

ACTIN Forward CACCATTGGCAATGAGCGGTTC 

ACTIN Reverse AGGTCTTTGCGGATGTCCACGT 

IFITM1 Forward TTACTGGTATTCGGCTCTGTGAC 

IFITM1 Reverse CAAAGGTTGCAGGCTATGGGC 

IFITM2 Forward GGGCCCTGATTTTGGGCATC 

IFITM2 Reverse GCCTCCTGATCTATCGCTGGG 

IFITM3 Forward GCTGATCTTCCAGGGCTATGG 

IFITM3 Reverse GCGAGGAATGGAAGTTGGAGT 

pGL3 Forward GGCCAAGAAGGGCGGAAAGATC 

pGL3  Reverse CACCTCCCCCTGAACCTGAAAC 

 

2.5. RNA MANIPULATION 

2.5.1. RNA Extraction 

After the cells reached 80-85% confluent, they were trypsinized using 1x trypsin (Gibco Life 

Technologies) and harvested. The cell pellet was collected and total RNA was extracted 

following manufacturers’ instructions (RNeasy Minikit, Cat: 74104, Qiagen). Following total 

RNA extraction, quantification of RNA was done by NanoDrop® ND 1000 

spectrophotometer and RNA made was stored at -80OC until used. 

 

2.5.2. In Vitro Transcription 

In vitro transcription of the desired cloned sequences was done by linearizing the 

pGEM3Zf(+) vector containing the target insert with appropriate restriction enzyme and by 
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using in vitro transcription kit, following the manufacturer’s protocol. 

 

2.5.3. Phenol/Chloroform Extraction of RNA 

In vitro transcribed RNA purification was achieved by phenol/chloroform extraction. One 

volume of phenol was added to each sample, followed by 100 µL of chloroform/isoamyl 

alcohol (49:1). Samples were subjected to high-speed vortex mixing, centrifuged (16,100 x g; 

5 min), and the aqueous (top) layer collected. 30 µL 3M sodium acetate, pH 5.2 and 900 µL 

100% ethanol were added, and the samples incubated for 30 mins at -20oC followed by 

centrifugation (16,100 x g; 4oC; 20 min) to yield an RNA pellet. The supernatant was removed 

and the pellet was washed with 100 µL 75% ethanol, and centrifuged (16,100 x g; 4oC; 5 min). 

The supernatant was again removed, and the RNA pellet was allowed to air dry at room 

temperature. RNA was resuspended in an appropriate volume of RNAse/DNase free water 

(Gibco Life Technologies). 

 

2.5.4. RNase Assisted RNA Chromatography 

To couple RNA to beads the following mix was prepared in a total volume of 200μl: 

   RNA    500-1000pmol 

   Sodium acetate  6.7μl of 3M, pH 5.5 (100mM) 

   m-sodium periodate  10μl of 0.1M (5mM) 

   Water    182.3μl 

All eppendorfs were wrapped in aluminium foil and kept rocking for 1 hour at room 

temperature and then RNA was precipitated by ethanol precipitation. The precipitated RNA 

was dissolved in 500μl of 100mM sodium acetate, (pH5.5) and mixed with 200μl of adipic 

acid dihydrazide beads (Cat # 80A02, Sigma Aldrich), washed thrice with 100mM sodium 

acetate and kept rocking at 40C o/n. Next day the unbound RNA was removed from the beads 
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by spinning to pellet the resin (3min at 3000rpm).  The pelleted resin was washed twice with 

2M KCl and thrice with buffer G (137mM NaCl, 1mM EDTA, 1% Triton X-100, 10% 

Glycerol, 1.5 mM MgCl2, 20mM Tris-HCl pH 7.2), spinning for 2min at 300rpm between 

each step. The RNA-coupled beads were then incubated with protein extract in a total volume 

of 650μl. The following were added to the pelleted resins; 

   Cellular or nuclear extract 250μl 

   MgCl2    9.75μl of 100mM (1.5mM) 

   Creatine-phosphate  32.5μl of 0.5M (25mM) 

   ATP    3.25μl of 100mM (0.5mM) 

   RNase out   5μl  

   Water    349.5μl  

The reaction mixture was incubated at 370C for 30min and then spun at 1000rpm for 3min 

and the supernatant was kept as a loading control and the pellet was washed thrice with 1ml 

of buffer G and twice with 1ml of 1X structure buffer (10X; 10mM Tris HCl, pH 7.2, 1mM 

MgCl2, 40mM NaCl). After the final wash the beads were incubated with RNase A/T1 mix 

for 30 minutes at 370C shaking at 1400rpm for ten seconds every minute to elute the bound 

proteins. The reaction was prepared as follows;   

10X structure buffer    6μl  

RNase A/T1     5μl 

RNase      5μl 

   Water      44μl 

The supernatant was collected by spinning for 1 minute 100rpm at 40C and 26μl of 

supernatant was analysed by SDS-PAGE and western blot. 
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2.6. PROTEIN MANIPULATION 

2.6.1. SDS-PAGE Analysis 

Protein samples to be analysed were separated by size using polyacrylamide gel 

electrophoresis under denaturation conditions. Protein samples were obtained either by the 

lysis of MCF7-wt cells, MDR.MCF7 cells or were eluted by RARC in the context of the 

western blot detection of the protein expression. Equal concentrations and volumes of the 

lysate or purified protein were prepared using SDS-PAGE gel buffer (5% SDS, 50% Glycerol, 

0.1% Bromophenol Blue, 250mM Tris-HCl, pH 6.8) loaded on 10% and 15% gels (gel recipes 

provided in table 2.8) respectively based on the expected size of the protein. 

Table 2.8. Recipes for SDS-PAGE gels 

Stacking Gel Recipe (5mls) 

Reagent Volume 

Double distilled water 3mls 

30% Acrylamide (BioRad) 0.67mls 

1.5 M Tris-HCL pH 8.8 1.25mls of 0.5M Tris-HCL pH 6.8 

10% SDS 50μls 

10% Ammonium persulfate (APS) 50μls 

TEMED 5μl 

Resolving Gel Recipe (16mls) 

 Volume (10% Gel) Volume (15% Gel) 

Double distilled water 6.3mls 3.7mls 

30% Acrylamide (BioRad) 5.33mls 8mls 

1.5 M Tris-HCL pH 8.8 4mls 4mls 

10% SDS 160μls 160μls 

10% Ammonium persulfate (APS) 160μls 160μls 

TEMED 6μl 6μl 

 

2.6.2. Coomassie Staining 

The SDS-PAGE gels were incubated in 50 mL Coomassie Stain Solution at room temperature 

for 1 hour with shaking. The staining solution was removed, the gel was washed once with 50 

mL Coomassie Stain Solution (45% Methanol (reagent grade), 10% Glacial acetic acid 50% 

and 0.1 % Coomassie Brilliant Blue R250), and incubated in Coomassie Destain Solution 

(40% methanol, 10% Glacial acetic acid) at room temperature overnight. 
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2.6.3. Chemiluminescent Immunoblot Analysis 

The protein samples were separated by SDS-PAGE analysis as described in section 2.6.3.   

Following electrophoresis, the stacking gel was excised and discarded, and the remaining 

separating gel was subjected to transfer and the proteins were transferred from the SDS-gel to 

the Immobilin®-P transfer membrane (Cat # IPVH00010, Merck Millipore) at 100V for 90 

mins in the presence of the blotting buffer (25mM Tris, 200mM Glycine, 20% methanol) using 

a Mini Trans-Blot® electrophoretic transfer cell (Bio-Rad). Prior to the transfer, membranes 

were activated by soaking in methanol and washed with water. 

 

Membranes were then blocked in 5% skim milk/TBS-T (150mM NaCl, 10mM Tris-HCl (pH 

8.0), 0.05% Tween®-20) for one hour at r/t to saturate unspecific protein binding sites. To 

detect proteins of interest, membranes were incubated with specific antibodies (1/500-1/4,000 

dilution) in 5% skim-milk/TBS-T at 4OC o/n. Unbound antibodies were removed by three 

washes with TBS-T. Following washes, membranes were incubated with HRP-conjugated 

secondary antibody (1/2,000 dilution) in 5% skim-milk/TBS-T for one hour at r/t. After three 

washes with TBS-T, proteins were visualized using Immobilon®-Western Chemiluminescent 

HRP substrate detection kit (Millipore). 

List of antibodies used for this research study is as follows: 

Anti-G3BP1 (Cat # ab56574, ABCAM) 

Anti-G3BP2 (Cat # GTX8705, GENETEX) 

Anti-IFITM1 (Cat # GTX101728, GENETEX)  

Anti-IFITM2 (Cat # ab175124, ABCAM) 

Anti-IFITM3 (Cat # GTX115407, GENETEX) 

Anti-β-Actin (Cat # GTX109639, GENETEX) 
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Anti-MDR-1 (Cat # sc-55510, ABCAM) 

Anti-hnRNP A2/B1 (Cat # GTX127928, GENETEX) 

 

2.6.4. Luciferase reporter assay: 

For the luciferase reporter assay, the dual luciferase assay kit (Cat # 30081-2, Biotium) was 

used. The kit was provided with 1X lysis buffer, lyophilized luciferase assay substrate, which 

was reconstituted in luciferase assay buffer and lyophilized renilla substrate which was 

reconstituted in renilla assay buffer. MCF7 and/or MDR.MCF7 cells were transfected with the 

luciferase vector containing 3´-UTRs of IFITM1-3 and βF1ATPase along with renilla vector 

(used as an internal control). After 24hours, the transiently transfected cells were lysed using 

1X passive lysis buffer. Nunc white plates (cat # 136101) were used to perform the assay. 20μl 

of the lysed cellular extract for each sample was used to perform the assay. 100μl of each of 

working solution of luciferase substrate was added to each well and luminescence reading was 

taken using a plate reader (Bio-Tek, Synergy TC) and then 100μl of renilla substrate were added 

to each sample and plate was read again. The data was then analysed by normalizing luciferase 

values to renilla values. 
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1. INTRODUCTION 

IFITM proteins belong to a group of small interferon stimulated genes (ISGs) (~15kD) 

which are induced by type I interferon (IFNα/β) and have a bona fide role in restricting 

viral entry into the host cell [186]. These proteins are over-expressed during viral 

infections of an organism to restrict the infection. They were first identified through an 

RNAi mediated genetic screen and were originally reported to have inhibitory activities 

against influenza A virus (IAV), Dengue virus (DENV) and West Nile virus (WNV) 

[196], but now these proteins are known to have antiviral activities against several 

pathogenic viruses including Human Immunodeficiency virus (HIV), Hepatitis C virus 

(HCV), Rift Valley virus (RVFV). IFITM3 has been found to restrict entry of influenza 

A virus (IAV) [197], DENV1 and DENV2 and WNV, more efficiently than IFITM1 and 

IFITM3 [141,186,197]. During Rift Valley fever virus (RVFV) and HIV-1 infection the 

over-expression of IFITM2 and IFITM3 have been found to inhibit viral entry and 

replication [186,187] whereas during HCV infection IFITM3 was found to restrict viral 

replication [209]. IFITM proteins, particularly IFITM2 and IFITM3, interact with the 

HIV-1 envelope in virus producing cells and hinder its ability to facilitate cell to cell 

infection [193]. IFITM proteins are also involved in the restriction of Mycobacterium 

Tuberculosis (MTb) as the simultaneous siRNA-mediated knockdown of all three genes 

increased MTb growth in human monocytic cells whereas the overexpression of these 

genes impaired growth of MTb in these cells [190]. Although all these reports suggest 

that IFITM proteins are essential for antiviral defence, they are also involved in promoting 

infection of human Coronavirus (HCoV-OC43) by aiding the entry of HCoV-OCH43 to 

the host cells [194]. Initially, IFITM proteins were found to inhibit the entry of a wide 

range of RNA viruses but a recent report suggest that IFITM proteins do not inhibit viral 

infection by human Papillomavirus (HPV), human Cytomegalovirus (HCMV) and 

Adenovirus type v (Adv) [192]. Understanding the regulation of these genes would 
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provide insights into the underlying mechanisms which may help improve the use of IFN-

therapy during viral infections. 

 

In addition to anti-viral activities, IFITM proteins also possess antiproliferative as well as 

apoptotic activity which can be enhanced by IFNs [210]. IFITM proteins have also been 

reported to be involved in tumorigenesis, cell signalling and regulation of cell growth as 

overexpression of IFITM1, IFITM2 and IFITM3 have been shown to be associated with 

the disease progression, resistance to chemotherapy and poor prognosis in patients with 

gastrointestinal, colorectal, oesophageal and breast cancers [179,199,206,207,211-216]. 

A recent report suggests that IFITM1 is over-expressed in colorectal cancer and promotes 

metastasis through Caveolin-1 (Cav1), a downstream target of IFITM1 [203]. 

Furthermore, IFITM1 is reported to promote metastasis of aromatase inhibitor resistant 

AI-resistant breast cancer cells [217]. IFITM1 also promotes invasiveness of head and 

neck squamous cell carcinoma [202]. Contrary to the cancer supporting roles reported for 

IFITM1, IFITM2 has been found to be a transformation inhibitor as it causes 

accumulation of cells in the G1 phase. Moreover, knockdown of IFITM2 suggests it is a 

pro-apoptotic gene and its pro-apoptotic activity depends on caspase activities, not on p53 

expression [218]. IFITM3 is over-expressed in colorectal cancer  and its knockdown 

inhibits breast cancer cell growth by affecting cell cycle [207]. IFITM3 also possess a 

role in regulation of cell migration and invasion of gastric and head and neck cancers 

[202,219]. 

 

ISGs transcription and induction depends on the activation of the JAK-STAT pathway 

which is stimulated by type I IFNs. Choi et. al., and Bidet et. al., induced and analysed 

the expression of IFITM1, PLSCR1 in MCF7-wt and IFITM2 as well as other ISGs 

including PKR, ISG15 in Huh7 cells, respectively [141,217]. Like other ISGs, IFITM 
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proteins are typically not expressed in normal cells and are expressed either as a result of 

type I IFN induction (i.e. IFNα/β treatment), viral infections or DNA damage by drug 

resistance. Several studies have suggested that the dysregulated immune system resulting 

in overexpression of ISGs might play a role in tumorigenesis [167,216,220-222] and drug 

resistance [223,224]. Cisplatin (CDDP) and 5΄-flourouracil (5΄-FU) are two of the most 

effective anticancer drugs extensively used to treat various types of cancers including 

breast, brain, ovarian, head and neck cancers. 5΄-FU is usually administered in 

combination with CDDP due to the synergistic activity seen in various human carcinoma 

cell lines [225]. But their clinical application is limited due to the drug resistance which 

may arise due to the increased levels of drug detoxification, alterations in drug influx and 

efflux, changes in basal levels of cell regulatory proteins, enhanced DNA repair capacity 

and enhanced DNA damage tolerance, leading to the failure of cell death pathways and 

mutations of the drug targets [226,227].  

 

In general, CDDP and 5΄-FU kill cancer cells by damaging and inhibiting DNA synthesis 

generating DNA adducts which subsequently activate various signal transduction 

pathways and induce apoptosis [228-231]. Though the detailed underlying mechanisms 

and pathways, which are stimulated during the development of drug resistance, are still 

not known, recent reports have linked DNA damage with interferon (IFN) signalling. 

ISGs expression can be induced as a result of DNA damage [232]. Studies have shown 

that cells and tissues express ISGs after exposure to radiation and anticancer drugs which 

induce DNA damage [233-235]. Previously it was unclear whether ISGs expression is 

directly stimulated by DNA damage or is indirectly stimulated by the reactive oxygen 

species (ROS), which also induces ISGs expression [236]. A recent report has shown that 

IFNβ production can be induced by the DNA damage itself and the live cells produce 

IFNβ robustly within a few hours of double stranded DNA break stimulation [237]. 
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Based on these reports we hypothesized that cancer cells resistant to CDDP and 5-FU 

express IFITM genes and decided to analyse the expression of IFITM genes in a 

multidrug resistant MCF7 (MDR.MCF7) cell line, established by host laboratory by long 

term treatment with CDDP and 5-FU (as described in material and method section, 2.2.1). 

Moreover, we selected the parental MCF7 cell line to induce the expression of IFITM 

genes by using IFNα to manipulate the original cell system.   

 

This chapter is aimed at inducing and analysing the expression of IFITM genes, at both 

the protein and mRNA levels in MCF7 and MDR.MCF7 cell lines, respectively. To 

induce the expression of the IFITM genes in MCF7 cells human recombinant IFNα, type 

I IFN was used. MCF7 cells were treated with 1000U/ml of IFNα for different time points 

(as shown later in this Chapter) and the IFITM transcript and protein expression levels 

were analysed as compared to untreated cells (control) by qRT-PCR (Chapter 2, section 

2.4.4) and immunoblot (Chapter 2, section 2.6.3), respectively. For MDR.MCF7 cells, 

total cellular mRNA and protein were extracted and immunoblot and RT-qPCR analysis 

were performed to see if these cells express IFITM genes without any IFN treatment.  
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3.2. MATERIAL AND METHODS 

3.2.1. Cell Culture: MCF7-wt and MDR.MCF7 cells (derived from MCF7 cells, as 

described in Chapter 2, section 2.2.1) were used for this research work. The cells were 

cultured and maintained as described in Chapter 2, section 2.1.1. 

3.2.2. IFNα-Treatment: An experiment was designed to find the optimum time for the 

induction of IFITM proteins in MCF7-wt cells using 1000U/ml of IFNα. 1x105 MCF7-

wt cells were seeded in 12 well plate and were treated with 1000U/ml of exogenous IFNα 

for different time points, starting from 0 to 24 hours. Cell lysate were then extracted and 

immunoblot analysis was performed to determine the expression of IFITM1, IFITM2 and 

IFITM3. 

3.2.3. Immunoblot Analysis:  was performed as described in section 2.6.3 of Chapter 2, 

using anti-IFITM1 (GTX101728), anti-IFITM2 (ab175124) and anti-IFITM3 

(GTX115407) antibodies.  

3.2.4. qRT-PCR Analysis: was performed as described in section 2.4.4 of Chapter 2 

using primers given in table 2.2, Chapter 2. 

3.2.5. Immunofluorescence Microscopy: Immunofluorescence microscopy on cultured 

MCF7-wt cells (untreated and treated with IFNα) and MDR.MCF7 was performed to 

determine if the formation of SGs in these cells could be stimulated by treatment with 

IFNα and drugs, respectively. The MCF7-wt cells were cultured and seeded at a density 

of 2.5x105 cells and MDR.MCF7 cells were seeded at a density of 5x105 per 12-mm 

coverslip in 24-well plates and incubated for 12 hours to allow for attachment to the 

coverslips. Subsequently IFNα (1000U/ml) was added to MCF7-wt cells whereas the 

MDR.MCF7 cells were left untreated. After 24h of incubation the cells were rinsed with 

1x DPBS (Dulbecco's phosphate-buffered saline) and were fixed using 4% PFA 

(paraformaldehyde) for 30 minutes at RT. After that the cells were washed 3 times for 3 

minutes with 1x DBPS. Cells were then permeablized with 1% triton X-100 in 1x DBPS 
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for 5 minutes. Then the cells were washed and blocked for 1 hour in 1% BSA in DPBS. 

Subsequently, cells were probed with G3BP1 antibody (diluted in blocking buffer 1:200) 

for 1 hour at RT. After 1 hour the cells were washed 3-times with 1x DPBS and probed 

with secondary antibody (Alexafluor 488, 1:1000) for 1 hour. Cells were washed 3-times 

with 1x DPBS for 3 minutes and treated with DAPI (4',6-diamidino-2-phenylindole) for 

5 minutes to stain the nucleus, followed by washing with 1x DPBS twice for 3 minutes. 

Coverslips were mounted on slides and left to dry overnight and visualized by using 

confocal microscope. 

3.2.6. Confocal microscope: Images were captured using an Olympus Floview FV1000 

microscope. 
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3.3. RESULTS 

3.3.1. IFNα treatment does not induce SGs formation: 

The cellular localization of G3BP1 was analysed in both MCF7-wt (treated and untreated 

with IFNα, for 12h) and MDR.MCF7 cells. G3BP1 was detected in the cytoplasm of IFNα 

treated and untreated MCF-7 cells as well as in untreated MDR.MCF-7 cells (Fig. 3.1 B- 

D). The uniform G3BP1 staining under all three conditions showing that SGs are not 

formed in these cells. Whereas Panel A is showing the localisation of G3BP1 to SGs upon 

treatment with sodium arsenite, (this image was used as a reference to compare the IFNα 

treated MCF7-wt and MDR.MCF7, to see if there are SGs).  

  

Fig. 3.1. Localisation of endogenous G3BP1 (green) in MCF7-wt, after treatment with 

1000U/ml of IFNα and in MDR.MCF7 cells. Panel A shows the SGs in MCF7 cells 

treated with sodium arsenite. Panel B and C show the IFNα untreated and treated MCF7 

cells (1000U/ml of IFNα for 12 hours), respectively. Panel D shows untreated 

MDR.MCF7 cells. Endogenous G3BP1 is uniformly distributed in the cytoplasm in all 

conditions. Cells counter-stained with DAPI (blue) to detect nuclei (60x). 
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3.3.2. IFITM1, IFITM2 and IFITM3 gene expression is induced by IFNα in MCF7-

wt but constitutive in MDR.MCF7 cells: 

To optimise conditions for induction of IFITM1, IFITM2 and IFITM3 proteins, MCF7-

wt cells were treated with 1000U/ml (of complete media) of exogenous IFNα and 

endogenous protein levels were analysed by immunoblotting after induction with IFNα 

at different time points. Endogenous transcript levels of IFITM1, IFITM2 and IFTIM3 

were studied by performing qRT-PCR analysis.  

 

Figure 3.2, Panel A shows the immunoblot result for endogenous expression levels of 

IFITM1 in IFNα treated and untreated MCF7-wt cells for different time points. The 

immunoblot shows that the induction of IFITM1 in IFNα treated MCF7-wt cells was clear 

from 8 hours onward and remained high at 24 hours.  Panel B shows the endogenous 

IFITM1 protein is highly expressed in MDR.MCF7 cells even without IFNα treatment. 

 

Panel C shows the qRT-PCR analysis of IFITM1 mRNA in IFNα-treated (1000U/ml for 

12h) MCF7-wt cells and in MDR.MCF7 cells as compared with IFNα-untreated MCF7 

cells. Treatment of MCF7-wt cells with IFNα resulted in a significant (2.47-fold) increase 

in IFITM1 mRNA levels (p=0.02; Fig. 3.2 C). A similar level of IFITM1 mRNA was 

constitutively expressed in IFNα-untreated MDR.MCF7 cells with a fold-change of 2.89 

as compared with IFNα-untreated MCF7-wt cells (p=0.01; Fig 3.2. Panel C). 



  

69 
 

 

 

Fig. 3.2. Induction of endogenous IFITM1 protein and mRNA by IFNα.  Panel A 

shows the expression of IFITM1 protein in MCF7-wt cell lysate after treatment with 

1000U/ml of IFNα for different time points. Panel B shows the western blot for IFITM1 

protein in MDR.MCF7 cells without any IFNα treatment (Rep 1 and Rep 2 indicate 

biological repeats). Panel C shows the mRNA expression levels of IFITM1 in MCF7-wt, 

untreated and treated with 1000U/ml of IFNα for 12h and in untreated MDR.MCF7 cells. 

All data are from three independent experiments and a student t-test was performed to 

test for statistically significant. (*p<0.05; ** p<0.01). 
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Figure 3.3. Panels A and B show the immunoblot results for endogenous expression levels 

of IFITM2 in MCF7-wt cells and MDR.MCF7 cells, respectively. The endogenous 

expression levels of IFITM2 protein were analysed in MCF7-wt cells after treatment with 

1000U/ml of exogenous IFNα for different time points. The immunoblot analysis shows 

that significant induction of IFITM2 protein was seen at 12h treatment with IFNα but the 

induction was higher at 24h (Panel A, Figure 3.3). The MDR.MCF7 cells constitutively 

expressed IFITM2 without addition of exogenous IFNα (Panel B, Figure 3.3). Actin was 

used as loading control to normalise the expression levels of IFITM2 protein. 

 

Panel C shows the endogenous expression levels of IFITM2 mRNA in MCF7-wt cells 

post IFNα (1000U/ml) treatment after 12 hours and in MDR.MCF7 cells as compared to 

the untreated MCF7-wt sample. The data shows that a significant increase of 2.2-fold in 

mRNA levels of IFITM2 in IFNα-treated MCF7-wt cells as compared with untreated 

control MCF7-wt cells (p=0.02; Panel C, Figure 3.3.). While in MDR.MCF7 cells a 2.98-

fold increase was seen in the transcript levels of IFITM2 as compared with untreated 

MCF7-wt cells (p=0.01; Panel C, Figure 3.3.). 
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Fig. 3.3. Induction of endogenous IFITM2 protein and mRNA by IFNα.  Panel A 

shows the expression of IFITM1 protein in MCF7-wt cell lysate after treatment with 

1000U/ml of IFNα for different time points. Panel B shows the immunoblot for IFIMT2 

protein in MDR.MCF7 cells without any treatment with IFNα (Rep 1 and Rep 2 indicate 

biological replicates). Panel C shows the mRNA expression levels of IFITM2 in MCF7-

wt, untreated and treated with 1000U/ml of IFNα for 12h and in untreated MDR.MCF7 

cells. All data are from three independent experiments and a student t-test was performed 

to test for statistically significant. (*p<0.05; ** p<0.01). 
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Figure 3.4, Panel A shows the immunoblot result for endogenous expression levels of 

IFITM3 in IFNα treated and untreated MCF7-wt cells for different time points. The 

immunoblot shows that the induction of IFITM3 in exogenous IFNα treated MCF7-wt 

cells was clear from 8 hours onward and remained high at 24 hours.  Panel B shows the 

endogenous IFITM3 protein is highly expressed in MDR.MCF7 cells even without IFNα 

treatment. 

 

Panel C shows the qRT-PCR analysis of IFITM3 mRNA in IFNα-treated (1000U/ml for 

12h) MCF7-wt cells and in MDR.MCF7 cells as compared with IFNα-untreated MCF7 

cells. Treatment of MCF7-wt cells with IFNα resulted in a significant (2.5-fold) increase 

in IFITM3 mRNA levels (p=0.008; Fig. 3.3.4 C). A similar level of IFITM3 mRNA was 

constitutively expressed in IFNα-untreated MDR.MCF7 cells with a fold-change of 2.76-

fold as compared with IFNα-untreated MCF7-wt cells (p=0.005; Fig 3.3.4 C). 
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Fig. 3.4. Induction of endogenous IFITM3 protein and mRNA by IFNα.  Panel A 

shows the expression of IFITM3 protein in MCF7-wt cell lysate after treatment with 

1000U/ml of IFNα for different time points. Panel B shows the immunoblot for IFIMT3 

protein in MDR.MCF7 cells without any treatment with IFNα (Rep 1 and Rep 2 indicate 

biological repeats). Panel C shows the mRNA expression levels of IFITM3 in MCF7-wt, 

untreated and treated with 1000U/ml of IFNα for 12h and in untreated MDR.MCF7 cells. 

All data are from three independent experiments and a student t-test was performed to 

test for statistically significant. (*p<0.05; ** p<0.01). 
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3.4. DISCUSSION 

The cellular immune system responds to viral infections, tumours and other pathogenic 

agents by activation of the IFN system to induce expression of several ISGs to cope with 

the changing cellular environment and signalling. IFNs are secreted by the cellular 

immune system, diffuse to adjacent cells and bind to the cell surface receptors 

(IFNAR1/2), subsequently inducing the expression of several ISGs such as IFITM1, 

IFITM2 and IFITM3 through phosphorylation of JAKs and STATs [164,165,238]. As 

described earlier, the IFITM proteins are members of a protein family which are highly 

stimulated by type IFN (IFNα/β), they are not expressed in normal or unstimulated cells. 

They are expressed either as a result of type I IFN induction due to IFNα/β treatment, 

viral infections or DNA damage, possibly caused by the same process that cells acquire 

drug resistance. The overexpression of ISGs due to the dysregulated immune system may 

play a role in tumorigenesis [167,220-222] and drug resistance [223,224].  

 

Based on the fact that type I IFNs induce expression of ISGs including IFITMs and the 

studies (by Choi et al., and Bidet et al.,) showing that their expression can be induced 

using type I interferons we used IFNα to induce the expression of these genes in MCF7-

wt cells. This chapter was designed to induce the expression of IFITM1, IFITM2 and 

IFITM3 in MCF7-wt cells and to analyse their expression in MDR.MCF7 cells which 

were made in the host laboratory by long term treatment with CDDP and 5-FU, based on 

various reports suggesting that cells resistant to chemotherapeutic drugs also express high 

levels of ISGs [233-235]. 

 

The immune system gets dysregulated in response to radiotherapy and chemotherapeutic 

drugs due to the DNA damage and leads to the overexpression of ISGs [233-235]. Earlier 

it was not clear if the induction of ISGs is due to the DNA damage or is induced by the 
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resultant reactive oxygen species (ROS) [236]. But, recently it has been shown that the 

DNA damage itself  can stimulate IFNβ production [237]. Aromatase inhibitor resistant 

MCF7 (MCF7:5C) cells also overexpress IFITM1 and PLSCR1 genes. Based on these 

studies we analysed the expression of IFITM genes in MDR.MCF7 cells. The total cell 

lysate of MDR.MCF7 cells (without IFNα treatment) was used to analyse the protein 

expression of IFITM1, IFITM2 and IFITM3 and the immunoblot for all these proteins 

showed that these proteins are constitutively expressed in MDR.MCF7 cells (Panels B of 

Figs. 3.2, 3.3 and 3.4). Next the mRNA levels of these genes were analysed in 

MDR.MCF7 cells as compared to MCF7-wt cells (Panels C of Fig. 3.2, 3.3 and 3.4) and 

a significant upregulation was seen in MDR.MCF7 cells as compared with parent MCF7-

wt cells. Furthermore, the treatment of MCF7-wt cells with IFNα has shown a slight 

induction of IFITM1, IFITM2 and IFITM3 proteins after 8 hours of treatment and kept 

increasing up to 24 hours. Although the protein expression levels kept increasing up to 

24 hours, a significant protein expression was detected at 12 hours of treatment, making 

12 hours of treatment an optimum time for induction of IFITM proteins. The mRNA 

analysis of IFITMs after 12 hours of treatment with IFNα showed a significant increase 

as compared with control untreated MCF7-wt cells.  

 

To conclude, the data from this chapter suggest that IFNα treatment induces the 

expression of IFITM1, IFITM2 and IFITM3 genes at both the mRNA and protein levels 

in MCF7-wt cells and IFNα treatment does not induce the formation of SGs in these cells 

which shows the expression of IFITM proteins in IFNα treated MCF7-wt cells and 

MDR.MCF7 cells is not due to SG formation nor associated with the role of G3BPs in 

SGs.  Suggesting the any role for G3BPs in the translational regulation of the IFITM 

genes would not be facilitated by SG formation. It was found that treatment of 12 hours 

with 1000U/ml of exogenous IFNα was sufficient for the significant induction of IFITM1, 
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IFITM2 and IIFMT3 and was selected as the treatment time for their induction. Moreover, 

it was found that the MDR.MCF7 cells constitutively express IFITM proteins without 

IFNα treatment and this might be correlated to their drug resistant property. Therefore, 

the role of G3BP1 and G3BP2 in the regulation of these genes will be studied in MCF7-

wt (cells by inducing their expression) and in MDR.MCF7 cells. This is the first report 

showing the MDR.MCF7 cells constitutively express IFITM1, IFITM2 and IFITM3 

proteins. Further analysis of this cell line could provide an extensive list of ISGs being 

expressed and can help studying the role of ISGs and the IFN system in drug resistant 

tumours, but before these conclusions can be made further experiments needs to be done 

to explore if the dysregulated IFN system is a hallmark of the aggressive behaviour of 

this cell line and is due to drug resistant property of this cell line. 

 

 

 

 

 

 

 

 

 

 

 



  

 
 

 

 

 

 

 

 

 

 

 

CHAPTER 4. 

THE ROLE OF G3BP1 IN REGULATION OF 

IFITM GENES  



  

77 
 

4.1. INTRODUCTION 

Post-transcriptional regulation is considered as the most significant step in deciding the 

fate of newly synthesized mRNA transcripts. These post-transcriptional events include 

splicing, polyadenylation, transport, localization, editing and translation and in many 

cases the information required to make these processes occur is encoded into the 

transcript, via cis-elements, during transcription. These events are mediated by several 

RBPs which bind to cis-acting factors present within the mRNA transcripts, especially in 

the  5´-UTR and 3´-UTR [239]. Both 5´-UTR and 3´-UTR have vital roles in the post-

transcriptional regulation of transcripts as they are involved in the mRNA localization, 

stability and efficient translation of the transcript and these activities are regulated by 

specific RBPs which determine transcript fates [240]. However, it should be noted that 

cis-acting factors present in the UTRs can also interact with non-coding RNAs which also 

play an important role in the regulation of target mRNA [241]. Furthermore, the UTRs 

contain distinct repetitive motifs which play significant regulatory roles, for example the 

5´-UTR of C/EBPβ mRNA and 3´-UTR of myotonin protein kinase (DMPK) contain 

CUG-repeats to which CUG-binding proteins bind, and regulate the splicing and 

translation of these transcripts [242].  Though both 5´-UTR and 3´-UTR are important for 

the regulation of mRNAs, it is becoming evident that the 3´-UTRs have a vital role in the 

translational regulation of transcripts and mutations in 3´-UTRs can lead to chronic 

diseases [243,244].  

 

The regulation and coordination of the fate of mRNAs is essential for proper cell function 

and any disruption can lead to disease [239]. This is made further apparent by the aberrant 

expression of RBPs in various cancers. Furthermore, the RBPs most likely regulate a 

distinct but large set of RNA transcripts, subsequently controlling a wide functional 

network of variations which are important for the cancer cell biology. RBPs are the key 
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regulators of mRNA transcript stability and translation with the best characterised 

mechanism described by RBPs binding to the AREs, typically found in the 3´UTRs of 

the target mRNA transcripts [2,245]. Furthermore, RBPs can either be directly involved 

in RNA stability and translational initiation or they may provide a scaffold to support the 

interaction of other factors which are responsible for the RNA stability or translation 

[246].  

 

There are many RBPs which are involved in regulation of RNA turn over and translation 

of target transcripts, and these are called RNA turn over and translation regulating RBPs 

(TTR-RBPs). Several RBPs are included in this category including; Hu-proteins, TIA-1, 

TIA-1-R, TTP and FMRP [247]. Hu- proteins bind to AREs present in the 3´-UTRs of 

target transcripts and affect the stability or translational efficacy of target transcripts 

[248,249] whereas other RBPs like TIA-1 [250], FMRP [251], PABP [252], hnRNP 

proteins [253,254] interact with 3´-UTR, 5´-UTR or CDS of target transcripts and 

regulate their stability or translation.  

 

G3BP1 is also an RBP which plays a role in deciding the fate of several RNA transcripts 

under various cellular conditions. It contains RRM and RGG domains and these are 

typically involved in physical contact with RNA [107].  G3BPs are considered an 

essential component for SGs [113] but it should be noted that some SG appear to lack 

RBPs which are deemed core components adding some confusion regarding the definition 

of essential proteins in these dynamic structures.  The co-localisation of G3BP1 to SGs 

suggests it has a role in post-transcriptional regulation of various RNA transcripts. But 

unlike Hu-proteins, TIA-1 and TIA1-R, G3BP1 interactions with its target transcripts are 

most likely not through ARE because the reported recognition element for G3BP1 is not 
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AU-rich [97]. Moreover, several RNA targets have been reported for G3BP1 including 

the 3´UTRs of c-Myc [97], BART [126], CTNNB1 [122], β-F1ATPase [133] and 

downregulates their expression conversely, and in an apparent contradictory role, G3BP1 

also binds to 3´-UTR of Tau mRNA [131] and CDK7 [132] stabilizing these transcripts 

to increase their protein expression. G3BP1 acts as an exonuclease when phosphorylated 

and cleaves target mRNAs like c-Myc, BART, PMP22 [255] whereas in its 

unphosphorylated form G3BP1 has a role in cell proliferation and this suggests that the 

phosphorylation status of G3BP1 has an essential role in deciding the role of G3BP1 in 

cellular functions [107]. In addition, G3BP1 and G3BP2 both have a role in the 

translational regulation of ISGs [141].  

 

The aim of this chapter was to study the role of G3BP1 in the translational regulation of 

three target genes; IFITM1, IFITM2 and IFITM3 (these will be referred to as the IFITM1-

3 genes from now onwards). As mentioned earlier G3BP1 interacts with the 3´-UTR of 

its target transcript (c-MYC, CTNBB1, βF1-ATPase) and regulates their expression, 

therefore, we hypothesized that G3BP1 interacts with the 3´-UTR of IFITM1-3 transcripts 

and regulates their translational regulation. To test this hypothesis, the role of G3BP1 in 

the regulation of IFIMT1-3 was studied by downregulating G3BP1 (using siRNA) and 

performing immunoblot and qRT-PCR to asses expression levels of the IFITM1-3 genes 

at the transcript and protein levels. To study the in vivo role of G3BP1 in translational 

regulation of the target IFITM1-3 genes a luciferase reporter assay was designed. The 3´-

UTRs of the IFITM1-3 genes were sub-cloned into the pGL3 reporter vector and firefly 

luciferase expression was studied by performing the dual luciferase reporter in G3BP1-

knockdown and control cells. Any changes in the expression of luciferase would 

implicate that G3BP1 had interacted with 3´-UTRs of the IFITM gene and regulated the 
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translation of the reporter gene. To explore the interaction of G3BP1 with 3´-UTRs, 

RNase assisted RNA chromatography (RARC) was used. 3´-UTRs of target genes were 

sub-cloned in the pGEM3zf(+) vector and were in vitro transcribed to perform RARC. 

G3BP1 detection by immunoblot of eluted proteins would indicate an interaction with the 

3´-UTRs of the tested IFITM gene. 
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4.2. MATERIAL AND METHODS 

4.2.1. Cell Culture: MCF7-wt and MDR.MCF7 cells were used for the research work 

described in this chapter. The cells were cultured and maintained as described in Chapter 

2, section 2.1.1.  

4.2.2. Immunoblot: Immunoblotting and densitometry analysis were performed as 

described in Chapter 2, section 2.6.3.  

4.2.3. qRT-PCR: was performed as described in Chapter 2, section 2.4.4. 

4.2.4. Plasmid Construction:  To prepare constructs, harbouring the 3´-UTRs of target 

mRNAs, specific primers were generated with additional Xba1 sites flanking the 

amplicons. All the amplicons were generated from MCF7-wt cDNA. The Xba1 sites in 

pGL3 and pGEM3zf(+) vectors were used to generate the constructs for target 3´-UTRs. 

The constructs were propagated in E.coli competent strain JM109 and plasmids from 

positive clones were purified, sequenced to confirm the cloned UTRs that they were full 

length matches to the region reported in the NCBI databases. The pGL3 constructs were 

used to transfect MCF7-wt and MDR.MCF7 cells for luciferase assays whereas the 

pGEM3zf(+) constructs were used for in vitro transcription for RARC.   

4.2.6. Luciferase Assay: The luciferase reporter assay was performed as described in 

Chapter 2, section 2.6.4. The extent of knockdown of cells transfected with pGL3 

constructs was analysed by immunoblot.   

4.2.7. In vitro transcription: was performed as described in Chapter 2, section 2.5.2 

using HindIII/BamHI restriction enzymes to linearize the plasmids at the 3ʹ position of 

the construct containing target sequences. 

4.2.8. RNase Assisted RNA Chromatography (RARC): was done as described earlier 

in Chapter 2, section 2.5.4. 
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4.2.9. Statistical analysis: All results are presented as mean SEM of at least 3 independent 

experiments, unless otherwise indicated. Data were analysed using unpaired, two-tailed 

Student’s t-test and considered significant if p<0.05 (*p<0.05; **p<0.01; ***p<0.005). 

Fold changes in endogenous expression of target proteins after G3BP-knockdown were 

calculated as the ratios of normalised densitometry values of target protein in siNS treated 

cells to siG3BP1 treated cells.



  

83 
 

4.3. RESULTS 

4.3.1 G3BP1-knockdown significantly downregulates the expression of IFITM1-3 by 

translational control but does not affect transcript levels. 

 In Chapter 3, the conditions to induce the expression of IFITMs in MCF7-wt cells were 

determined and their expression in MDR.MCF7 cells was analysed both at mRNA and 

protein levels. In this chapter, the effect of G3BP1-knockdown on the endogenous 

expression of three target IFITM1-3 genes was studied. To assess this G3BP1 was 

knocked-down in MCF7-wt and MDR.MCF7 cells for 96 hours by use of siRNA.  After 

84 hours of knockdown treatment, MCF7-wt cells were treated with 1000U/ml of IFNα 

to induce the expression of the IFITM1-3 proteins. After 96 hours of G3BP1-knockdown 

the protein was extracted and immunoblotting was performed to assess the knockdown 

of G3BP1 in siG3BP1 treated MCF7-wt and MDR.MCF7 cells.  

 

Downregulation of G3BP1 transcripts was analysed by performing qRT-PCR of siG3BP1 

treated cells compared to cells treated with a scrambled non-specific siRNA. Panels A of 

Fig. 4.1 and Fig. 4.2 show a ~70% downregulation of G3BP1 at mRNA levels in MCF7-

wt (IFNα treated and untreated) and MDR.MCF7 cells. Panels B of Fig. 4.3 and Fig. 4.4 

show immunoblot analysis for G3BP1 in MCF7-wt and MDR.MCF7 cells while panels 

C of these figures show the densitometry analysis of G3BP1 on the western blots  which 

confirm the ~65-70% knockdown of G3BP1 protein in both cell lines. 
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Fig 4.1. Endogenous expression levels of G3BP1 in MCF7-wt cells after knockdown: 

Panel A shows significant downregulation of G3BP1 mRNA after 96 hours of treatment 

with siRNA for G3BP1 (siG3BP1) compared with a non-specific siRNA (siNS). Panel B 

shows the immunoblot for G3BP1-knockdown in IFNα treated and untreated MCF7-wt 

cells as compared to control and Panel C shows the densitometry analysis of the 

immunoblot and shows a significant downregulation of G3BP1 both in IFNα treated and 

untreated MCF7-wt cells. n=3. (*p<0.05; ** p<0.01; ***p<0.005). Actin was used as a 

housekeeping gene.  
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Fig 4.2. Endogenous expression levels of G3BP1 in MDR.MCF7 cells after 

knockdown: Panel A of the graph shows significant downregulation of G3BP1 mRNA 

in cells after 96 hours of treatment with siRNA for G3BP1 as compared with control cells 

treated with non-specific siRNA (siNS). Panel B shows the immunoblot for G3BP1-

knockdown in MDR.MCF7 cells as compared to cells treated with the non-specific 

siRNA and Panel C shows the densitometry analysis of the immunoblot, showing a 

significant downregulation of G3BP1 in MDR.MCF7 cells as compared to the control. 

n=3 (** p<0.01; ***p<0.005). Actin was used as a housekeeping gene.  
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After confirming the downregulation of G3BP1 both at the transcript and protein levels 

in IFNα treated and untreated MCF7-wt cells as well as in MDR.MCF7 cells, the effect 

of G3BP1 downregulation on IFITM1-3 gene expression was determined. For this the 

qRT-PCR and immunoblot analyses were performed using IFITM1-3 specific primers 

and antibodies. The immunoblot analysis showed a significant downregulation of all three 

IFITM proteins in G3BP1 downregulated MCF7 (IFNα treated) and MDR.MCF7 cells 

whereas no significant change was seen at mRNA levels of these proteins.  

 

There have been evidence of induction of off-target effects when using RNA interference 

(RNAi) to silence genes in mammalian systems. One potential source of off-target effects, 

by either transfected siRNA duplexes or transcriptionally expressed shRNAs, is the 

inadvertent activation of the interferon response [256,257]. To determine if transfection 

or siRNA treatment causes any off target effects and induce the expression of IFITM1-3 

in IFNα untreated MCF7-wt cells treated with siG3BPs a set of control experiments were 

performed.  For these assessments the expression levels of the IFITM1-3 genes were 

analysed in IFNα-untreated MCF7-wt cells treated with siNS (non-specific siRNA) and 

siG3BP1 were performed. If any changes in expression levels of the target genes were 

observed this would be interpreted that regulation of off-target genes was responsible for 

the regulation of the IFITM1-3 genes.  Using these parameters the data revealed that the 

pool of G3BP1 siRNAs (pool of 4 purchased from Dharmacon) showed a change in 

expression of a target gene (data not-shown).  Therefore, the G3BP1 siRNA pool was 

excluded from further experimental and individual siRNA targeting G3BP1 and G3BP2 

(from Dharmacon as described in Chapter 2, section 2.3.1a) were used to perform 

knockdown of G3BP1 and G3BP2 and these experiments showed no off target effects in 

IFNα untreated MCF7-wt cells due to siRNA transfection nor the use of transfection 

reagents alone.  
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Fig. 4.3 and Fig 4.4 show the immunoblot and qRT-PCR analysis for IFITM1 in G3BP1 

downregulated MCF7-wt (IFNα-treated and untreated) and MDR.MCF7 cells. Panel A 

of both figures show that the transcript levels of IFITM1 remain the same in G3BP1-

knockdown cells as compared to control cells. Panel B and C of Fig. 4.3 and Fig 4.4 show 

the immunoblot for IFITM1 representing the endogenous levels of IFITM1 protein and 

its densitometry analysis in MCF7-wt and MDR.MCF7 cells, respectively. Significant 

downregulation was seen in the protein levels of IFITM1 in both MCF7-wt and 

MDR.MCF7 cells after knockdown of G3BP1, showing a significant role of G3BP1 in 

the translational regulation of IFITM1.   
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Fig 4.3. Endogenous expression levels of IFITM1 in MCF7-wt cells after knockdown 

of G3BP1: Panel A shows the qRT-PCR analysis of IFITM1 mRNA after knockdown of 

G3BP1. No significant differences in the expression of mRNA were observed in IFNα 

treated and untreated G3BP1-knockdown cells. Panel B shows the western blot for 

IFITM1 in G3BP1-knockdown IFNα treated and untreated MCF7-wt cells and Panel C 

shows the densitometry analysis for IFITM1 in IFNα treated MCF7-wt cells. Significant 

downregulation (~50%) of IFITM1 was seen in G3BP1-knockdown cells as compared to 

control cells. n=3, (*p<0.05).  Actin was used as a housekeeping gene. 
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Fig 4.4. Endogenous expression levels of IFITM1 in MDR.MCF7 cells after 

knockdown of G3BP1: Panel A shows the qRT-PCR analysis of IFITM1 mRNA after 

knockdown of G3BP1. No significant difference was seen in G3BP1-knockdown 

MDR.MCF7 as compared to control. Panel B shows the immunoblot for IFITM1 in 

G3BP1-knockdown in MDR.MCF7 cells and Panel C shows the densitometry analysis 

for IFITM1 in MDR.MCF7-wt cells, showing significant downregulation (as seen in 

IFNα treated MCF7 cells) of IFITM1in G3BP1-knockdown cells as compared to control 

cells. n=3, (*p<0.05).  Actin was used as a housekeeping gene. 
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The effect of G3BP1 downregulation on endogenous expression levels of IFITM2 protein 

and transcripts were studied by qRT-PCR and immunoblot analysis in G3BP1-

knockdown MCF7-wt and MDR.MCF7 cells as shown in Fig 4.5 and Fig 4.6, 

respectively. Panels A of Fig 4.5 and Fig 4.6 show the qRT-PCR analysis of IFITM2 

performed using IFITM2 specific primers (actin was used as an internal control). Panels 

B of Fig 4.5 and Fig 4.6 show the immunoblot of the endogenous expression of IFITM2 

in MC7-wt and MDR.MCF7 cells whereas panels C show the densitometry analysis of 

IFITM2 in MCF7-wt and MDR.MCF7 cells, respectively.   

 

The transcript levels of IFITM2 remained unchanged in siG3BP1 treated cells as 

compared with control cells treated with siNS while a significant downregulation was 

seen in the endogenous protein levels of IFITM2 in both the G3BP1 downregulated 

MCF7-wt and MDR.MCF7 cells. The qRT-PCR and immunoblot analysis suggest a 

significant role of G3BP1 in the translational regulation of IFITM2 protein.   
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Fig 4.5. Endogenous expression levels of IFITM2 in MCF7-wt cells after knockdown 

of G3BP1: Panel A shows the mRNA level analysis for IFITM2 after knockdown of 

G3BP1. No significant difference was seen in both the IFNα treated and untreated 

G3BP1-knockdown. Panel B shows the immunoblot for IFITM2 in G3BP1-knockdown 

IFNα treated and untreated MCF7-wt cells and Panel C shows the densitometry analysis 

for IFITM2 in IFNα treated MCF7-wt cells. Significant downregulation of IFITM2 was 

seen in G3BP1-knockdown cells as compared to control cells. n=3, (** p<0.01).  Actin 

was used as a housekeeping gene. 
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Fig 4.6. Endogenous expression levels of IFITM2 in MDR.MCF7 cells after 

knockdown of G3BP1: Panel A shows the qRT-PCR analysis of IFITM2 mRNA after 

knockdown of G3BP1. No significant difference was seen in transcript levels of IFITM2 

in G3BP1-knockdown MDR.MCF7 as compared to the control. Panel B shows the 

western blot for IFITM2 in G3BP1-knockdown in MDR.MCF7 cells and Panel C 

represents the densitometry analysis for IFITM2 in MDR.MCF7-wt cells. Significant 

downregulation of IFITM2 was seen in G3BP1-knockdown cells as compared to control 

cells. n=3, (*p<0.05). Actin was used as a housekeeping gene. 
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The endogenous expression levels of IFITM3 mRNA and protein were analysed in 

G3BP1downregulated MCF7-wt and MDR.MCF7 to see if G3BP1 affects the translation 

of IFITM3 as it does for IFITM1 and IFITM2. For this analysis endogenous mRNA and 

protein levels of IFITM3 were analysed after G3BP1-knockdown in MCF7-wt and 

MDR.MCF7 cells (Fig. 4.7 and 4.8). Panels A of Fig. 4.7 and Fig. 4.8 show the qRT-PCR 

analysis of endogenous mRNA levels of IFITM3 after knockdown of G3BP1 in MCF7-

wt and MDR.MCF7 cells as compared with the control cells. The data shows no 

significant change in the mRNA levels of IFITM3 after G3BP1 downregulation in both 

cells lines. 

 

Panels B of Fig. 4.7 and Fig. 4.8 show the immunoblot analysis for IFITM3 in G3BP1 

depleted MCF7-wt and MDR.MCF7 cells, respectively. The densitometry analysis of the 

immunoblots (as shown in the panels C of Fig. 4.7 and 4.8) show a significant 

downregulation in the protein expression levels of IFITM3 after G3BP1-knockdown in 

both cell lines, showing a positive role of G3BP1 in the translation of IFITM3 similar to 

that seen for IFITM1 and IFITM2. 
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Fig 4.7. Endogenous expression levels of IFITM3 in MCF7-wt cells after knockdown 

of G3BP1: Panel A shows the qRT-PCR analysis of IFITM3 mRNA after knockdown of 

G3BP1. No significant difference was seen in either IFNα treated or the untreated G3BP1-

knockdown. Panel B shows the immunoblot for IFITM3 in G3BP1-knockdown IFNα 

treated and untreated MCF7-wt cells and Panel C shows the densitometry analysis for 

IFITM3 in IFNα treated MCF7-wt cells. Significant downregulation of IFITM3 was 

confirmed in G3BP1-knockdown cells as compared to control cells. n=3, (** p<0.01). 

Actin was used as a housekeeping gene. 
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Fig 4.8. Endogenous expression levels of IFITM3 in MDR.MCF7 cells after 

knockdown of G3BP1: Panel A shows the qRT-PCR analysis of IFITM3 mRNA after 

knockdown of G3BP1. No significant difference was seen in G3BP1-knockdown 

MDR.MCF7 as compared to control. Panel B shows the immunoblot for IFITM3 in 

G3BP1-knockdown in MDR.MCF7 cells and Panel C shows the densitometry analysis 

for IFITM2 in MDR.MCF7-wt cells. Significant downregulation of IFITM3 was 

confirmed in G3BP1-knockdown cells as compared to control cells. n=3, (** p<0.01). 

Actin was used as a housekeeping gene. 
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4.3.2 G3BP1-knockdown downregulates the expression a luciferase reporter gene by 

means of the 3´-UTRs of IFITM1-3 

The qRT-PCR and immunoblot results for the analysis of endogenous IFITM1-3 

revealed, as hypothesized, that G3BP1-knockdown downregulates the protein expression 

of IFITM1-3 whereas no significant change was observed in transcript levels (Fig. 4.3-

4.8), confirming that G3BP1 has a role in the translation of IFITM1-3 proteins. The in 

vivo functional roles of G3BP1 in the regulation of IFITM1-3 both in MCF7 and 

MDR.MCF7 cells was studied next and for this the hypothesis was that G3BP1 bound to 

the 3´-UTR of IFITM1-3 genes and regulated translation of the genes.   

 

To confirm that cis-elements within the 3´-UTR of the IFITM1-3 genes were bound by 

G3BP1 and control translation, these 3´-UTRs were cloned into the 3´ region of a 

luciferase reporter construct in such a way that transcription in cells would produce an 

mRNA that contained the coding region of luciferase followed by the 3´-UTR of the 

IFITM gene to be assessed. For the luciferase reporter assay the 3´-UTR constructs for 

IFITM1-3 in the pGL3 vector were assessed against a positive construct which included 

the 3´-UTR of βF1ATPase for which previous publications suggested would be an 

appropriate control [133].  The negative control was an empty pGL3 vector, however, it 

should be noted that this construct does contain strong viral 3´-UTR and polyA signal to 

achieve high translational efficiencies.   

 

All constructs were assessed in cells transfected with a non-specific siRNA (siNS) and 

compared to luciferase expression in cells transfected with a siG3BP1. The results of 

these assays performed in MCF7-wt and MDR.MCF7 are shown in Figure 4.9 and 4.10, 

respectively. The data showed that downregulation of G3BP1 leads to a significant 
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decrease in luciferase activity from cells transfected with luciferase-3´reporter constructs 

containing the 3´-UTRs of IFITM1-3 whereas a significant upregulation was seen in 

luciferase activity for the luciferase reporter construct containing the 3´-UTR of 

βF1ATPase, while the luciferase activity for empty pGL3 vector remained unchanged.   

The data from both the MCF7-wt and MDR.MCF7 cell experiments supports a hypothesis 

in which G3BP1 has a role in the positive translational regulation of IFITM1-3 by binding 

to their 3´-UTRs (Figs. 4.9 and 4.10). 
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Fig 4.9. Firefly luciferase reporter assays assessing the role of the 3´UTRs of 

IFITM1-3 and β-F1ATPase in G3BP1-knockdown MCF7 cells. Panel A shows the 

relative luciferase activity of empty vector in G3BP1-knockdown cells as compared to 

control cells. No significant difference was seen in the luciferase expression of pGL3 

vector. Panel B shows the luciferase activity of 3´UTR of β-F1ATPase and a significant 

upregulation was seen in G3BP1-knockdown MCF7 cells as compared with control cells.  

Panels C, D and E show the relative luciferase activity for 3´UTRs of IFITMs in G3BP1-

knockdown MCF7 cells as compared with control cells. A significant downregulation 

was seen for all three transcripts. The empty vector and 3´UTR of β-F1ATPase constructs 

were used as negative and positive controls respectively. n=3, (*p<0.05; (** p<0.01). 
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Fig. 4.10. Firefly luciferase reporter assays assessing the role of the 3´UTRs of 

IFITM1-3 and β-F1ATPase in G3BP1-knockdown MDR.MCF7 cells. Panel A shows 

the relative luciferase activity of empty vector in G3BP1-knockdown cells as compared 

to control cells. No significant difference was seen in the luciferase expression of pGL3 

vector. Panel B shows the luciferase activity of 3´UTR of β-F1ATPase and a significant 

upregulation was seen in G3BP1-knockdown MDR.MCF7 cells as compared with control 

cells.  Panels C, D and E show the relative luciferase activity for 3´UTRs of IFITMs in 

G3BP1-knockdown MDR.MCF7 cells as compared with control cells. A significant 

downregulation was seen for all three transcripts. The empty vector and 3´UTR of β-

F1ATPase constructs were used as negative and positive controls respectively. n=3, 

(*p<0.05). 
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After analysing the luciferase activity for the 3´-UTRs of IFITM1-3 the mRNA transcript 

levels for all transcripts (i.e. recombinant luciferase-3´-UTR IFITM1-3 mRNA) were 

assessed to determine if G3BP1 downregulation affects the mRNA transcript levels for 

the respective transcript constructs. The data shows that there is no significant difference 

in the mRNA levels for constructs containing the 3´-UTRs of IFITM1-3, βF1ATPase and 

empty vector in siG3BP1 treated MCF7-wt (Fig. 4.11) of the MDR.MCF7 (Fig 4.12) cells 

as compared with control cells. Combined with the luciferase reporter data and the 

endogenous gene studies, these results further validate the results that G3BP1 has a role 

in the translational regulation of IFITM1-3 and does not affect their transcript levels. 



  

101 
 

 

Fig 4.11. mRNA expression levels of luciferase reporter constructs containing the 

3´UTRs of IFITM1-3 and βF1ATPase in G3BP1-knockdown MCF7 cells. Panel A 

shows the relative mRNA expression levels of empty vector in G3BP1-knockdown cells 

as compared to control cells. No significant difference was seen in the transcript levels of 

luciferase from the pGL3 vector. Panels B-E show the mRNA expression levels of 

3´UTR of β-F1ATPase, IFITM1, IFITM2 and IFITM3 in G3BP1-knockdown MCF7 cells 

as compared with control cells. No significant difference was seen in transcript levels of 

any of the target reporter constructs in G3BP1-knockdown MCF7 cells. Empty vector and 

3´UTR of β-F1ATPase were used as control. n=3.  
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Fig 4.12. mRNA expression levels of luciferase reporter constructs containing the 

3´UTRs of IFITM1-3 and βF1ATPase in G3BP1-knockdown MDR.MCF7 cells. 

Panel A shows the relative mRNA expression levels of empty vector in G3BP1-

knockdown cells as compared to control cells. No significant difference was seen in the 

luciferase transcript expression of pGL3 vector. Panel B-E show the mRNA expression 

levels of 3´UTR of β-F1ATPase, IFITM1, IFITM2 and IFITM3 in G3BP1-knockdown 

MDR.MCF7 cells as compared with control cells. No significant difference was seen in 

transcript levels of any of the target genes in G3BP1-knockdown MDR.MCF7 cells. 

Empty vector and 3´UTR of β-F1ATPase were used as control. n=3.  
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4.3.3 G3BP1 interacts with the 3´-UTRs of IFITM1-3  

RNase assisted RNA chromatography (RARC) was used to determine if G3BP1 interacts 

with 3´-UTRs of IFITM1-3 (as described in Chapter 2, section 2.5.4), In brief, RARC is 

an RNA chromatography technique which relies on an RNase-mediated elution step that 

almost eliminates background noise, allowing more sensitive and thorough detection of 

RBPs binding to specific RNA transcripts. To establish this technique, the protocols 

described by Michlewski et. al., (2010) were used.  This involved using the fibronectin 

extra domain (EDA) transcript which is known to recruit the heteronuclear protein A2/B1 

(hnRNPA2/B1), and has also been used to test the success of the RARC technique [93]. 

The EDA sequence was cloned into the pGEM3Zf(+) vector and transcribed to obtain the 

EDA transcript, which was used in RARC. The eluted proteins were separated on SDS-

PAGE gel and subjected to western blot analysis with the anti-hnRNPA2/B1 antibody 

(Fig 4.13).  

 

Fig. 4.13. Isolation of proteins binding to the EDA transcript. (Top panel) A 

coomassie stained gel showing proteins eluted from RNase assisted RNA 

chromatography of the EDA transcript in Hela nuclear extract. Bands A and B correspond 

to the expected results for hnRNPA2/B1 and SRSF1, respectively. (Bottom panel) 

hnRNPA2/B1 immunoblot analysis of the eluted proteins.       
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The results shown in Fig 4.13 provided the expected results and confirmed that the RARC 

techniques was working as expected. The 3´-UTRs of IFITM1-3 and βF1ATPase were 

cloned in pGEM3zf(+) (Promega) (Chapter 2, section 2.3.7)  and in vitro transcribed 

(Chapter 2, section 2.5.2 and RARC was performed to elute the proteins which interact 

with 3´-UTRs of IFITM1-3 and βF1ATPase (2.2.6.). The UTR of IFITM1 was transcribed 

from the non-sense strand (i.e. in the opposite direction from the “reverse strand” to the 

expected transcription corresponding to the endogenous UTR) and was used as negative 

control.  The eluted proteins were analysed by immunoblot for interaction with G3BP1 

by using anti-G3BP1 protein (Fig. 4.14). 

 

Fig. 4.14. Interaction of G3BP1 with the 3´-UTRs of βF1ATPase, IFITM1, IFITM2 

and IFMT3. The proteins binding to 3´-UTRs of βF1ATPase, IFITM1, IFITM2 and 

IFMT3 were eluted by RARC from 1000pmoles of the respective RNAs. Immunoblot 

was performed to determine if G3BP1 was among the RBPs which were eluted. Lane 1 

contains the MCF7 cell lysate (used as a source of potential binding proteins and shows 

the expected results for G3BP1), lanes 3-5 contain proteins eluted from the 3´-UTRs of 

βF1ATPase, IFITM1, IFITM2 and IFMT3, respectively. Lane 6 contains empty beads 

incubated with cell lysate and lane 7 contains the proteins eluted from the reverse 

transcript of the 3´-UTR of IFITM1, used as a negative control. The immunoblot shows 

that G3BP1 binds to 3´-UTRs of βF1ATPase, IFITM1, IFITM2 and IFMT3. The western 

blots shown here is representative of 3 separate experiments.  
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4.4. DISCUSSION 

G3BPs are a family of RBPs which are involved in the regulation of the stability and 

translational efficiency of their target mRNAs, subsequently playing a significant role in 

various cellular pathways under different cellular contexts. Several mRNA targets have 

been reported for G3BP1 including; c-MYC, BART, CTNNB1 and β-F1ATPase. G3BP1 

has a role in the stability of c-MYC, BART, CTNNB1 and binds to 3´-UTR of β-

F1ATPase and regulates its expression [127,133]. G3BP1 has a role in the cellular 

proliferation of breast cancer cells by regulating the expression of PMP22 mRNA [255]. 

Recently, G3BP1 along with G3BP2 and Caprin 1 have been shown to regulate the 

translation of ISGs [141]. Based on that study we hypothesized that G3BP1 and G3BP2 

have individual roles in the translation of IFITM1-3. More recently G3BP1 has been 

reported to bind preferentially with the 3´-UTRs of mRNA targets [258]. Therefore, we 

hypothesized that G3BPs interact with the 3´-UTRs of IFITM1-3 and regulate their 

translation.  This chapter was designed to study the potential role of G3BP1 in regulating 

the expression of IFITM1-3 and to determine if this could be achieve by interaction with 

the 3´-UTRs of the IFITM transcripts. 

4.4.1 G3BP1 inhibits the translation of IFITM1-3 proteins: 

Bidet et. al., (2014) reported that G3BP1, G3BP2 and Caprin 1 have a role in the 

translation of ISGs including IFITM2, PKR, ISG15 suggesting that these proteins have a 

role in the translational regulation of ISGs.  This translational control could be the 

cumulative effect of all three proteins or could be due to anyone or two of these proteins. 

Therefore, the experiments presented in this chapter were designed to study the individual 

role of G3BP1 in the regulation of IFITM1-3 genes.  Considering the high homology 

between IFITM1, IFITM2, and IFITM3 all three transcripts were studied. In Chapter 3, 

the conditions to induce the expression of IFITM1-3 in MCF7-wt cells were optimised 
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and their expression in MDR.MCF7 cells was analysed at both the mRNA and protein 

levels. In this chapter, experiments were designed to perform G3BP1-knockdown 

experiments to study the effect of G3BP1 in the regulation of these genes. The data from 

this chapter showed that G3BP1-knockdown causes a significant downregulation of 

endogenous IFITM1, IFITM2, and IFITM3 in both IFNα treated MCF7-wt cells and in 

MDR.MCF7 cells whereas no off target effect was seen in G3BP1-knockdown IFNα 

untreated MCF7-wt cells (Figs. 4.3-4.8). 

IFITM1 protein expression, as measured by densitometry of immunoblots, was shown to 

be reduced 2.5 and 2.6 fold compared with siNS control in siG3BP1 treated MCF7-wt 

(IFNα-treated) and MDR.MCF7 cells, respectively (Figs. 4.3-4.8). In this experiment the 

expression of IFITM2 was reduced 1.8 and 1.65 fold (Figs. 4.5 and 4.6) and that of 

IFITM3 was reduced 2.0 and 2.2 fold (Figs. 4.7 and 4.8) respectively in G3BP1 

downregulated MCF7-wt and MDR.MCF7 cells. These data suggest that G3BP1 is 

important for the accumulation of IFITM1, IFITM2 and IFITM3 proteins. 

To determine if observed downregulation of the IFITM1-3 proteins seen in the G3BP1-

knockdown cells was a result of transcriptional or translational control, mRNA levels 

were assessed by qRT-PCR. No significant difference was seen in any of IFITM1-3 

transcript levels in G3BP1-knockdown cells as compared with the control cells (Fig 4.3 

to Fig 4.8). The data from these experiments show that G3BP1 regulates the translation 

of IFITMs genes but does not regulate the stability or degradation of the IFITM1-3 

transcripts. No induction or change in expression was measured in the levels of IFITM1-

3 transcripts and proteins in IFNα untreated MCF7-wt cells which suggests that the 

siRNA or transfection treatment does not induce any off target effects. Altogether the data 

from immunoblot and qRT-PCR analysis have shown that G3BP1 has an important role 

in the translational regulation of IFITM1-3 mRNAs.  The next goal was to confirm that 

G3BP1 interacts with 3´-UTRs of the IFITM1-3 transcripts and regulate their translation. 
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4.4.2. G3BP1-knockdown inhibits the translation of IFITM1-3 proteins via 

interaction with 3´-UTRs: Post-translational control is usually regulated through 

interactions with trans-acting factors including RBPs. G3BP1 has been reported to have 

a different role in the post-transcriptional regulation of various mRNA targets including 

c-Myc [97], Bart [126], CTNNB1 [122], βF1ATPase [133], PMP22 [255], GAS5 [104], 

TAU [131] and ISGs [141]. Previously, Ortega et al., (2010) reported that G3BP1 binds 

with the 3´-UTR of βF1ATPase mRNA and inhibits its translation. The experiments 

designed in this chapter used the 3´-UTR of βF1ATPase as a control for studying the in 

vivo interaction of G3BP1 with 3´-UTR of IFITMs. Bidet et al., (2016) reported that 

G3BPs, along with Caprin 1, might interact with 5´- or 3´-UTRs of ISGs and regulate 

their translation. Based on these reports and a recent report which suggested that G3BP1 

preferentially interacts with 3´-UTRs of target transcripts, we studied the in vivo 

functional role of G3BP1 by designing a reporter assay. The reporter assay was done with 

a view that if there is an interaction between G3BP1 and the 3´-UTRs of IFITM1-3 there 

would be a change in the expression of luciferase for the particular constructs containing 

3´-UTRs of IFITM1-3 in G3BP1-knockdown cells as compared with controls.  The 

experiment hypothesises that no effect will be seen, irrespective of G3BP1 

downregulation, if there is no interaction between G3BP1 and 3´-UTRs of IFITM1-3. 

Figures 4.9 and 4.10 show that, in the G3BP1-knockdown MCF7-wt and MDR.MCF7 

cells, there was a significant decrease in the expression luciferase for the constructs 

containing 3´-UTRs of IFITM1-3 whereas an increase in the activity of was seen for the 

construct containing 3´-UTR of βF1ATPase which is in support of findings reported by 

Ortega et al., (2010), suggesting that G3BP1 binds with 3´-UTR of βF1ATPase and 

inhibit its translation.  

To study the stability of the 3´-UTRs of IFITM1-3, the stability of luciferase mRNA for 

IFITM1-3 constructs were analysed in G3BP1-knockdown and control MCF7-wt and 
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MDR.MCF7 cells. No significant difference was seen for any of the three target 

constructs and control constructs (pGL3 and UTR of βF1ATPase) which suggests that 

G3BP1 is involved in the translational control of IFITM1-3 through interactions with the 

3´-UTRs and does not affect the transcript levels. These data concur with the results 

observed for endogenous IFITM1-3. 

 

To further validate if G3BP1 interacts with the 3´-UTRs of IFITM1-3, in vitro RARC 

assays were performed which showed that G3BP1 interacts with 3´-UTRs of IFITM1-3 

and with 3´-UTR of βF1ATPase whereas slight, potentially non-specific binding, was 

seen for the reverse transcripts for 3´-UTRs of IFITM1 (i.e. transcripts derived from the 

non-sense strand of the 3´-UTR construct) and no binding was seen to beads only.  

Although a slight band for G3BP1 was observed in the negative control lane this was not 

comparable to the G3BP1 eluted for 3´-UTRs of IFITM1-3 and βF1ATPase, suggesting 

specificity for the interaction of G3BP1 to these 3´-UTRs transcripts.  

 

In conclusion, the data from this chapter shows that the individual knockdown of G3BP1 

can impair the translation of IFITM1-3 without changing the transcript levels of these 

genes in MCF7-wt and MDR.MCF7 cells. Moreover, the luciferase reporter assays have 

shown that 3´-UTRs of IFITM1-3 interact with G3BP1 and its downregulation decreases 

the luciferase activity by ~50% for all three candidate target genes.  These results 

demonstrate an in vivo role for G3BP1 in the translational regulation of IFITM1-3. The 

RARC assay further supported the notion that G3BP1 interacts with the 3´-UTRs of 

IFITM1-3 which provides supportive data that the 3´-UTR are required for translational 

regulation. This is the first report showing that G3BP1 interacts with 3´-UTRs of IFITM1-

3 and has an independent role in their translational regulation. Furthermore, the data 
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provided in this study suggests that G3BP1 might be involved in the translational 

regulation of other ISGs through interaction with their 3´-UTRs. It is important to 

consider that the data reported by Bidet et al., (2014) demonstrated that G3BP1, G3BP2 

along with Caprin 1 are involved in the translation of ISGs, therefore, investigating the 

role of the other two proteins, specifically G3BP2 (due to the homology between G3BP1 

and G3BP2) might have an important individual role in the regulation of IFITM1-3. 

Therefore, the next chapter was designed to study the role of G3BP2 in the regulation of 

IFITM1-3. 
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5.1. INTRODUCTION 

RBPs are of vital importance in controlling the expression of mRNAs by determining 

their fate from synthesis to decay through a systematic control of post-transcriptional 

regulation [259]. mRNAs contain regulatory elements mostly in the UTRs of the 

transcripts through which they can interact with specific RBPs which regulate their 

expression either by stabilizing/degrading the transcript or by initiating translation. 

Multiple mRNA transcripts can interact with the same RBP which can regulate the 

expression of mRNAs encoding for functionally related proteins and through this 

coordinated control of mRNA translation the eukaryotic cells can respond to different 

cellular stimuli during different cellular contexts. On the other hand multiple RBPs or 

RBP complexes can bind to one mRNA transcript, regulating its fate in the cellular 

environment [239,260].   

 

In Chapter 4 the translational regulation of IFITM1-3 by G3BP1 was identified, in this 

chapter, the role of its homolog, G3BP2 will be studied with a view to determine if the 

roles of G3BP1 and G3BP2 are redundant, or as previous literature suggests, part of a 

complex [141]. G3BP2 shares ~59% homology with G3BP1 and like its homolog it 

contains an RGG and RRM domain [96,107]. G3BP2, like G3BP1, also has a role in SG 

formation and its downregulation causes impairment in SG formation [154] and its 

association with mRNP complexes and SGs indicates that G3BP2 also has a role in the 

regulation of mRNA transcripts. The first evidence that G3BP2 might be involved in 

mRNA regulation arises from its recruitment to the actively translating mRNPs in 

neuronal synaptic complexes [130] which was further evident from the finding that 

G3BP2 is involved in SGs formation as well [154]. Unlike G3BP1, to date only one 

mRNA target has been reported for G3BP2. It has been reported that G3BP2 is involved 

in stabilizing the SART3 mRNA transcript, with subsequent expression of pluripotent 
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transcription factors expression promoting tumour initiation in breast cancer cells [134]. 

Moreover, G3BP1, G3BP2 and Caprin 1 have been reported to have  a role in the 

translational regulation of ISGs [141]. The published evidence suggests a role of G3BP2 

in regulation of mRNA. As shown by the data presented in Chapter 4 that provides 

evidence that G3BP1 interacts with the 3´-UTRs of the candidate target genes (IFITM1, 

IFITM2, and IFITM3) and regulates their translational regulation. This chapter extends 

those studies to determine the potential role for G3BP2 in the regulation of IFITM1-3 

genes.  

 

The aim of this chapter was to identify the potential role of G3BP2 in the translational 

regulation of IFITM1-3. To characterise this interaction siRNA mediated knockdown of 

G3BP2 was performed in both MCF7-wt (IFNα-treated and untreated cells) and in 

MDR.MCF7 (as described in Chapter 2, section 2.1.3a). After optimising and confirming 

the knockdown of G3BP2 at both the mRNA and protein levels in both cell lines, the 

experiments were continued in a similar strategy to those presented in chapter 4 to study 

the effect of G3BP2-knockdown in the regulation of IFIMT1-3 by performing 

immunoblots and qRT-PCR analysis. To study the in vivo role of G3BP2 in translational 

regulation of target IFITM genes the same luciferase reporter assay that was developed 

in chapter 4 was used. To explore if G3BP2, like G3BP1, also interacts with the 3´-UTRs 

of IFITM1-3 RNase assisted RNA chromatography (RARC) was performed. In brief, 3´-

UTRs of target genes were sub-cloned in the pGEM3zf(+) vector and were in vitro 

transcribed to perform RARC. G3BP2 detection by immunoblot of eluted proteins would 

show an interaction with the 3´-UTRs of IFITM1-3.  In addition, some final experiments 

were performed to explore the role of G3BPs in MEK/ERK signalling which suggest 

G3BPs may also intersect with this pathway to regulate phosphorylation of eIF4E and 

might regulate the translation of IFITM1-3 through this pathway as well. 
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5.2. MATERIAL AND METHODS 

5.2.1. Cell Culture: MCF7-wt and MDR.MCF7 cells were used for the research work 

described in this chapter. The cells were cultured and maintained as described in Chapter 

2, section 2.1.1. MCF7-wt cells were treated with the 1000U/ml of IFNα for 12h as 

optimised in Chapter 3 or as otherwise stated in the text. 

5.2.2. Immunoblot: Immunoblotting and densitometry analysis were done as described 

earlier in Chapter 2, section 2.6.3.  

5.2.3. qRT-PCR: was performed as described in Chapter 2, section 2.4.4. 

5.2.4. Luciferase Assay: The luciferase reporter assay was done as described in Chapter 

2, section 2.6.4. The extent of knockdown of cells transfected with pGL3 constructs was 

analysed by immunoblot.   

5.2.5. In vitro transcription: was done as described in Chapter 2, section 2.5.2 using 

HindIII/BamHI restriction enzymes to linearize the plasmids containing target sequences. 

5.2.6. RNase Assisted RNA Chromatography (RARC): was done as described earlier 

in Chapter 2, section 2.2.6. 

5.2.7. Treatment of cells with U0126: MDR.MCF7 cells were seeded at a cell density 

of 1x105 in a 12 well plate. At 80% confluency the cells were treated with 10μM of U0126 

1μl of 10mM U0126 stock solution in DMSO were added to the 1000μl of total complete 

media per well. 1μl of DMSO only (0.1% of total media) was used to do mock treatment 

control. After 48 hours of treatment with U0126 or DMSO only, the cells were extracted 

and lysed to get protein and were used to perform immunoblots.  

5.2.8. Statistical analysis: All results are presented as mean SEM of at least 3 independent 

experiments, unless otherwise indicated. Data were analysed using unpaired, two-tailed 

Student’s t-test (for G3BP2 knockdown studies) and one-way ANOVA (for U0126 treated 
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cells) considered significant if p<0.05 (*p<0.05; **p<0.01; ***p<0.005). Fold changes in 

endogenous expression of target proteins after G3BP2-knockdown were calculated as the 

ratios of normalised densitometry values of target protein in siNS treated cells to siG3BP2 

treated cells. For the U0126 treated cells the fold changes were calculated as the ratios of 

normalised densitometry values of target proteins in U0126 treated cells to DMSO (mock 

treated) cells. 
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5.3. RESULTS 

5.3.1. G3BP2-knockdown significantly downregulates the expression of IFITM1-3 

proteins but not of their transcripts. 

After studying the role of G3BP1 in the regulation of all the three candidate target genes 

(IFITM1, IFITM2, and IFITM3), the potential individual role of G3BP2 in the regulation 

of these target genes was studied. The effect of G3BP2-knockdown on the expression of 

all the three candidate target genes (IFITM1, IFITM2, and IFITM3) was studied after 

knocking G3BP2 down in MCF7 (IFNα treated and untreated cells) and MDR.MCF7 

cells by using siG3BP2.  

 

Knockdown of G3BP2 was confirmed at both the mRNA and protein levels by 

performing qRT-PCR and immunoblotting, respectively both in MCF7 (Fig. 5.1) and 

MDR.MCF7 cells (Fig. 5.2). After treating the cells with siG3BP2, the cells were 

harvested and total cellular lysates were prepared to extract total protein and mRNA. The 

qRT-PCR and immunoblot analyses were performed to confirm the knockdown of 

G3BP2 both at mRNA and protein levels. Panels A of Fig. 5.1 and 5.2 show the 

downregulation of G3BP2 at mRNA levels in MCF7-wt (IFNα treated and untreated) and 

MDR.MCF7 cells, respectively. Panels B of Fig. 5.1 and Fig.5.2 show the immunoblots 

for G3BP2-knockdown while panels C of these figures show the densitometry analysis 

for these blots, confirming the downregulation of endogenous levels of G3BP2 protein in 

MCF7-wt and MDR.MCF7 cells.  
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Fig 5.1. Endogenous expression levels of G3BP2 in MCF7-wt cells after knockdown: 

Panel A shows significant downregulation of G3BP2 mRNA after 96 hours of treatment 

with siRNA for G3BP2 as compared with control mRNA treated with scrambled siRNA. 

Panel B shows the immunoblot for G3BP2-knockdown in IFNα treated and untreated 

MCF7-wt cells as compared to control and Panel C shows the densitometry analysis of 

the immunoblot and shows a significant downregulation of G3BP2 both in IFNα treated 

and untreated MCF7-wt cells. n=3, (*p<0.05; **p<0.01). Actin was used as a 

housekeeping gene. 
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Fig 5.2. Endogenous expression levels of G3BP2 in MDR.MCF7 cells after 

knockdown: Panel A of the graph shows significant downregulation of G3BP1 mRNA 

after 96 hours of treatment with siRNA for G3BP1 as compared with control mRNA 

treated with scrambled siRNA. Panel B shows the immunoblot for G3BP1-knockdown 

in MDR.MCF7 cells as compared to control and Panel C shows the densitometry analysis 

of the immunoblot, showing a significant downregulation of G3BP1 in MDR.MCF7 cells 

as compared to the control. n=3, (**p<0.01).  Actin was used as a housekeeping gene. 
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After confirming the downregulation of G3BP2 in MCF7-wt (IFNα treated and untreated) 

and MDR.MCF7 cells, the role of G3BP2 depletion on the candidate target genes was 

studied by performing qRT-PCR and immunoblots analysis, using IFITM1, IFIMT2 and 

IFITM3 specific primers and antibodies, respectively. The experiments were performed 

3 times (biological triplicates) and the data shown in this chapter is representative of all 

the experiments.  

 

To study the role of G3BP2 in the regulation of the IFITM1 gene, immunoblot and qRT-

PCR analysis were performed in G3BP2 downregulated MCF7-wt (IFNα treated and 

untreated) and MDR.MCF7 cells. The data show that G3BP2 downregulation does not 

affect the mRNA levels of IFITM1 in either MCF7-wt or MDR.MCF7 cells (Panels A of 

Fig. 5.3 and 5.4). Whereas knockdown of G3BP2 leads to downregulation of endogenous 

levels of IFITM1 protein in both the MCF7-wt (IFNα treated) and MDR.MCF7 cells as 

shown by the immunoblots, panels B and C of Figs. 5.3 and 5.4. 
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Fig 5.3. Expression of IFITM1 in G3BP2-knockdown MCF7 cells at transcript and 

protein levels. Panel A shows that transcript levels of IFITM1 in G3BP2-knockdown 

MCF7 (IFNα treated and untreated) cells and no significant difference was seen at 

transcript levels in G3BP2-knockdown cells as compared with control. Panel B shows 

the immunoblot for IFITM1 in G3BP2-knockdown in MCF7 (IFNα treated and untreated) 

cells and Panel C shows the densitometry analysis for IFITM1 as compared with control. 

Significant downregulation of IFITM1 was confirmed in G3BP2-knockdown cells as 

compared to control cells. n=3, (*p<0.05). Actin was used as a housekeeping gene.  
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Fig 5.4. Expression of IFITM1 in G3BP2-knockdown MDR.MCF7 cells at transcript 

and protein levels. Panel A shows that transcript levels of IFITM1 in G3BP2-

knockdown MDR.MCF7 cells. No significant difference was seen at transcript levels in 

G3BP2-knockdown cells as compared with control. Panel B shows the immunoblot for 

IFITM1 in G3BP2-knockdown in MDR.MCF7 cells and Panel C shows the densitometry 

analysis for IFITM1 as compared with control. Significant downregulation of IFITM1 

was confirmed in G3BP2-knockdown cells as compared to control cells. n=3, (*p<0.05). 

Actin was used as a housekeeping gene.  
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Next, the endogenous expression levels of IFITM2 mRNA and protein were analysed in 

G3BP2 downregulated MCF7-wt and MDR.MCF7 to see if G3BP2 affected the 

translation of IFITM2. For this the endogenous mRNA and protein levels of IFITM2 were 

analysed after G3BP2-knockdown in MCF7 and MDR.MCF7 cells (Fig. 5.5 and 5.6). 

Panels A of Fig. 5.5 and Fig. 5.6 show the qRT-PCR analysis of endogenous mRNA 

levels of IFITM2 after knockdown of G3BP2 in MCF7-wt and MDR.MCF7 cells as 

compared with the control cells. The data show no significant change in the mRNA levels 

of IFITM2 after G3BP2 downregulation in both cells lines. 

Panels B of Fig. 5.5 and Fig. 5.6 show the immunoblot analysis for IFITM2 in G3BP2 

depleted MCF7-wt and MDR.MCF7 cells, respectively. The densitometry analysis of the 

immunoblots (as shown in the panels C of Fig. 5.5 and 5.6) show a significant 

downregulation in the protein expression levels of IFITM2 after G3BP2-knockdown in 

both cell lines, indicating a positive role of G3BP2 in the translation of IFITM2. 
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Fig 5.5. Expression of IFITM2 in G3BP2-knockdown MCF7 cells at transcript and 

protein levels. Panel A shows that transcript levels of IFITM2 in G3BP2-knockdown 

MCF7 (IFNα treated and untreated) cells and no significant difference was seen at 

transcript levels in G3BP2-knockdown cells as compared with control. Panel B shows 

the immunoblot for IFITM2 in G3BP2-knockdown in MCF7 (IFNα treated and untreated) 

cells and Panel C shows the densitometry analysis for IFITM2 as compared with control. 

Significant downregulation of IFITM2 was confirmed in G3BP2-knockdown cells as 

compared to control cells. n=3, (*p<0.05). Actin was used as a housekeeping gene.  
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Fig 5.6. Expression of IFITM2 in G3BP2-knockdown MDR.MCF7 cells at transcript 

and protein levels. Panel A shows that transcript levels of IFITM2 in G3BP2-

knockdown MDR.MCF7 cells. No significant difference was seen at transcript levels in 

G3BP2-knockdown cells as compared with control. Panel B shows the immunoblot for 

IFITM2 in G3BP2-knockdown in MDR.MCF7 cells and Panel C shows the densitometry 

analysis for IFITM1 as compared with control. Significant downregulation of IFITM2 

was confirmed in G3BP2-knockdown cells as compared to control cells. n=3, **p<0.01). 

Actin was used as a housekeeping gene.  
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The effect of G3BP2 downregulation on endogenous expression levels of IFITM3 protein 

and transcript was studied by immunoblot and qRT-PCR analysis in MCF7-wt and 

MDR.MCF7 cells as shown in Fig 5.7 and Fig 5.8, respectively. Panels A of Fig 5.7 and 

Fig 5.8 show the qRT-PCR analysis of IFITM3 performed using IFITM3 specific primers 

and actin was used as an internal control. Panels B of Fig 5.7 and Fig 5.8 show the 

immunoblot showing the endogenous expression of IFITM3 in MCF7-wt and 

MDR.MCF7 cells whereas the panels C show the densitometry analysis of IFITM3 in 

MCF7-wt and MDR.MCF7 cells, respectively.   

 

Significant downregulation was seen in the endogenous protein levels of IFITM3 both in 

G3BP2 downregulated MCF7-wt and MDR.MCF7 cells, while the transcript levels of 

IFITM3 remained unchanged in siG3BP2 treated cells as compared with control cells 

treated with siNS. The immunoblot and qRT-PCR analyses suggest a significant role of 

G3BP2 in the translational regulation of IFITM3 protein, same as for IFITM1 and 

IFITM2.  
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Fig 5.7. Expression of IFITM3 in G3BP2-knockdown MCF7 cells at transcript and 

protein levels. Panel A shows that transcript levels of IFITM3 in G3BP2-knockdown 

MCF7 (IFNα treated and untreated) cells and no significant difference was seen at 

transcript levels in G3BP2-knockdown cells as compared with control. Panel B shows 

the immunoblot for IFITM3 in G3BP2-knockdown in MCF7 (IFNα treated and untreated) 

cells and Panel C shows the densitometry analysis for IFITM3 as compared with control. 

Significant downregulation of IFITM3 was confirmed in G3BP2-knockdown cells as 

compared to control cells. n=3, (*p<0.05). Actin was used as a housekeeping gene.  
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Fig 5.8. Expression of IFITM3 in G3BP2-knockdown MDR.MCF7 cells at transcript 

and protein levels. Panel A shows that transcript levels of IFITM3 in G3BP2-

knockdown MDR.MCF7 cells. No significant difference was seen at transcript levels in 

G3BP2-knockdown cells as compared with control. Panel B shows the immunoblot for 

IFITM3 in G3BP2-knockdown in MDR.MCF7 cells and Panel C shows the densitometry 

analysis for IFITM3 as compared with control. Significant downregulation of IFITM3 

was confirmed in G3BP2-knockdown cells as compared to control cells. n=3, (** 

p<0.01). Actin was used as a housekeeping gene.  
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5.3.2. Downregulation of G3BP2 supresses the translation of luciferase from 

chimeric recombinant transcripts carrying the 3´-UTRs of IFITM1-3.  

After analysing the role of G3BP2-knockdown on the expression of IFITMs by 

immunoblot and qRT-PCR, the in vivo functional role of G3BP2 in the regulation of 

IFITM1-3 was analysed by performing luciferase reporter assays. G3BP2-knockdown 

was performed in MCF7-wt and MDR.MCF7 cells by treating with siG3BP2 for 72 hours 

and then transfected with empty pGL3 vector and chimeric pGL3 constructs containing 

the CDS for luciferase with either the 3´-UTRs of IFITM1-3 or βF1ATPase. After 24 

hours of transfection with reporter constructs, dual luciferase reporter assays were 

performed after harvesting the total cellular extract and using a dual luciferase assay. The 

data showed that G3BP2-knockdown supresses the luciferase activity of the constructs 

containing 3´-UTRs of IFITM1-3 as compared to the control whereas no significant 

difference was seen for the construct containing 3´-UTR βF1ATPase nor for the empty 

pGL3 transfected G3BP2-knockdown cells (Fig 5.9 and Fig 5.10).  

 

Next, the effect of G3BP2 downregulation was analysed on the transcript levels of empty 

pGL3 vector and pGL3 constructs containing the 3´-UTRs of either IFITM1-3 or 

βF1ATPase by performing qRT-PCR. The data showed there was no significant 

difference in transcript levels for constructs containing 3´-UTRs IFITM1, IFITM2, 

IFITM3, βF1ATPase and empty vector in siG3BP2 treated cells as compared with control 

cells (Fig 5.11 and Fig 5.12). This data provides evidence that G3BP2 also has a role in 

the translational regulation of IFITM1-3 by interacting with their 3´-UTRs. 
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Fig 5.9. Firefly luciferase activity from chimeric reporter constructs containing the 

3´UTRs of IFITM1-3 and β-F1ATPase in G3BP2-knockdown MCF7-wt cells. Panel 

A shows the relative luciferase activity of empty vector in G3BP2-knockdown cells as 

compared to control cells. No significant difference was seen in the luciferase expression 

of pGL3 vector. Panel B shows the luciferase activity of 3´UTR of β-F1ATPase and no 

significant change was seen in G3BP2-knockdown MCF7 cells as compared with control 

cells.  Panel C, D and E show the relative luciferase activity for constructs containing the 

3´UTRs of IFITM1, IFITM2 and IFITM3 in G3BP2-knockdown MCF7 cells as compared 

with control cells. A significant downregulation was seen for all three transcripts. Empty 

vector and 3’UTR of β-F1ATPase were used as control. n=3, (*p<0.05; **p<0.01). 
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Fig 5.10. Firefly luciferase activity from chimeric reporter constructs containing the 

3´UTRs of IFITM1-3 and β-F1ATPase in G3BP2-knockdown MDR.MCF7 cells. 

Panel A shows the relative luciferase activity of empty vector in G3BP2-knockdown cells 

as compared to control cells. No significant difference was seen in the luciferase 

expression of pGL3 vector. Panel B shows the luciferase activity of 3´UTR of β-

F1ATPase and no significant change was seen in G3BP2-knockdown MDR.MCF7 cells 

as compared with control cells.  Panel C, D and E show the relative luciferase activity 

for constructs containing the 3´UTRs of IFITM1, IFITM2 and IFITM3 in G3BP2-

knockdown MDR.MCF7 cells as compared with control cells. A significant 

downregulation was seen for all three transcripts. Empty vector and 3’UTR of β-

F1ATPase were used as control. n=3, (*p<0.05). 
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Fig 5.11. Transcript levels of chimeric luciferase reporter transcripts containing the 

3´UTRs of IFITM1-3 and βF1ATPase in G3BP2-knockdown MCF7-wt cells. Panel 

A shows the relative mRNA expression levels of empty vector in G3BP2-knockdown 

cells as compared to control cells. No significant difference was seen in the luciferase 

expression of pGL3 vector. Panel B-E show the mRNA expression levels of the chimeric 

reporter transcripts containing the 3´UTR of β-F1ATPase, IFITM1, IFITM2 and IFITM3 

in G3BP1-knockdown MCF7-wt cells as compared with control cells. No significant 

difference was seen in transcript levels of any of the target genes in G3BP2-knockdown 

MCF7-wt cells. Empty vector and 3’UTR of β-F1ATPase were used as control. n=3. 
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Fig 5.12. Transcript levels of chimeric luciferase reporter transcripts containing the 

3´UTRs of IFITM1-3 and βF1ATPase in G3BP2-knockdown MDR.MCF7 cells. 

Panel A shows the relative mRNA expression levels of empty vector in G3BP2-

knockdown cells as compared to control cells. No significant difference was seen in the 

luciferase expression of pGL3 vector. Panel B-E show the mRNA expression levels of 

the chimeric reporter transcripts containing the 3´UTR of β-F1ATPase, IFITM1, IFITM2 

and IFITM3 in G3BP1-knockdown MDR.MCF7 cells as compared with control cells. No 

significant difference was seen in transcript levels of any of the target genes in G3BP2-

knockdown MDR.MCF7 cells. Empty vector and 3´UTR of β-F1ATPase were used as 

control. n=3. 
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5.3.3. G3BP2 interaction with 3´-UTRs of IFITM1-3. 

To determine if G3BP2 also interacts with 3´-UTRs of IFITM1-3 RARC was performed. 

In vitro transcripts of 3´-UTRs of IFITM1-3 and βF1ATPase were generated. In addition, 

the 3´-UTR of IFITM1 reverse strand was transcribed  for use as a negative control. These 

RNAs were then used to elute the RBPs which bind to these transcripts by perfroming 

RARC. The eluted proteins were used to perfrom immunoblot using an anti-G3BP2 

antibody and the result show that G3BP2 interacts with the 3´-UTRs of IFITM1-3 and 

βF1ATPase. No non-specific binding was seen for G3BP2 for the negative control and 

beads only. 

 

Fig. 5.13. Interaction of G3BP2 with the 3´-UTRs of βF1ATPase, IFITM1, IFITM2 

and IFMT3. The proteins binding to 3´-UTRs of βF1ATPase, IFITM1, IFITM2 and 

IFMT3 were eluted by RARC from 1000pmoles of the respective RNA. Immunoblotting 

was performed to see if G3BP2 is among the proteins which were eluted. Lane 1 contains 

the MCF7 cell lysate (used as a source of G3BPs), lanes 3-5 contain proteins eluted from 

3´-UTRs of βF1ATPase, IFITM1, IFITM2 and IFMT3, respectively. Lane 6 contains 

empty beads incubated with cell lysate and lane 7 contains the proteins eluted by the 

reverse transcript of the 3´-UTR of IFITM1, used as a negative control. The immunoblot 

shows that G3BP2 binds to the 3´-UTRs of βF1ATPase, IFITM1, IFITM2 and IFMT3 

whereas no non-specific binding for G3BP2 was seen in beads only and the reverse 

transcript of IFITM1 showing that G3BP2 specifically interacts to the 3´-UTRs of 

βF1ATPase, IFITM1, IFITM2 and IFMT3. 
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5.3.4. G3BPs and MEK/ERK Pathway. 

G3BPs are involved in the phosphorylation of MEK/ERK pathway in human lung 

carcinoma H1299 cells [261].  Therefore, experiments were designed to explore this in 

MDR.MCF7 and to determine if the dephosphorylation of downstream effectors of the 

MEK/ERK pathway, like eukaryotic initiation factor 4E (eIF4E), could also be involved 

in the regulation of IFITM proteins by G3BPs. Phosphorylated eIF4E (p-eIF4E) 

facilitates the export of specific mRNAs from nucleus to cytoplasm to facilitate their 

translation, through an eIF4E sensitive element (4ESE) in the 3´-UTRs of target mRNAs 

[262-266]. Phosphorylation of eIF4E is also involved in the translational regulation of 

metastatic proteins like SNAIL and MMP3 [267] and G3BPs have also been reported to 

have metastatic roles and support expression of SNAIL and Slug [106,268]. G3BPs have 

also been reported to be involved in the expression of metastatic proteins MMP2, MMP9 

by regulating the phosphorylation of ERK/MEK pathway [261]. Moreover, there have 

been reports showing that the MEK pathway is involved in the translational regulation of 

ISG15 and ISG54 through phosphorylation of eIF4E, a downstream effector of 

MEK/ERK pathway [269]. Based on the pathways described in the literature, analysis 

was performed to investigate if G3BPs could have a role in the translation of IFITM1-3 

proteins through this pathway via phosphorylating and recruiting p-eIF4E which in turn 

interacts with the 3´-UTRs of target mRNAs, facilitating their export and/or translation.  

 

To perform these analyses, the expression levels of phosphorylated and unphosphorylated 

MEK, ERK1/2 and phosphorylated eIF4E (p-eIF4E) were analysed in G3BP1 and 

G3BP2-knockdown MDR.MCF7 cells. The immunoblot analysis revealed a significant 

downregulation in the phosphorylation status of MEK, ERK1/2 and eIF4E whereas no 

change was seen in the protein levels of unphosphorylated MEK and ERK1/2 in G3BP1 

or G3BP2 downregulated cells as compared with control cells (Fig. 5.14). These results 
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supported the idea that G3BPs could have a role in the translational regulation of IFITM1-

3 through the MEK/ERK pathway.  

 

Fig. 5.14. Downregulation of G3BPs reduces the phosphorylation of the MEK/ERK 

pathway. MDR.MCF7 cells were treated with siG3BP1 (left panel) and siG3BP2 (right 

panel) for 96 hours and then the cell extracts were collected and the phosphorylation 

status of MEK, ERK, eIF4E was analysed by immunoblotting. Actin was used as an 

internal control. The data is representative of three independent experiments. 

 

To further explore this, an experiment was designed to see if the phosphorylation status 

of the MEK/ERK pathway and its downstream effector eIF4E could be involved in the 

translational regulation of IFITM1-3 proteins by G3BPs. For this U0126, an inhibitor of 

MEK [270,271], was used to inhibit the phosphorylation of MEK/ERK and its 

downstream effectors. Based on the estimated half-lives of IFITM1 and IFITM3 proteins 

(30 hours) [272], the experiment was set up for 48 hours of treatment with 10μM of 

U0126. 

 

The inhibition of MEK phosphorylation by U0126, with subsequent dephosphorylation 

of ERK1/2 and eIF4E reduced the expression levels of IFITM1-3, somehow 

recapitulating the effect of knocking down the G3BPs (Fig. 5.15). These findings suggest 

that G3BPs control the translational regulation of IFITM1-3 proteins by interacting with 

the 3´-UTRs of IFITM1-3 transcripts and phosphorylating and recruiting eIF4E 

potentially leading to the export of these transcripts to the cytoplasm for translation. 
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Fig. 5.15. Inhibition of the MEK/ERK pathway by U0126 inhibits the expression of 

IFITM1-3. MDR.MCF7 cells were treated with 10μM of U0126 or DMSO (vehicle 

control) for 48 hours and then the cell extracts were collected and phosphorylation status 

of MEK, ERK and eIF4E was analysed by immunoblots. Actin was used as an internal 

control. The data is representing 3 biological replicates whereas no technical replicates 

were performed. 

 

Figure 5.16 shows the densitometry analysis for the protein expression levels of IFITM1-

3 proteins in U0126 treated MDR.MCF7 cells as compared to control MDR.MCF7 cells 

(untreated) and DMSO treated MDR.MCF7 cells (Mock treated). The densitometry 

analysis has shown that the treatment of MDR.MCF7 cells with U0126, subsequently 

inhibiting the phosphorylation of MEK, ERK and eIF4E, has decreased the protein 

expression levels of IFITM1-3 by 1.46-fold, 1.5-fold and 1.6-fold, respectively. This 

suggests a role of G3BPs in translational regulation of IFITM1-3 proteins could also be 

through the regulation of MEK/ERK pathway. Next, the transcript levels of IFITM1-3 

were analysed in U0126 treated MDR.MCF7 cells (Fig. 5.17). No significant difference 

was seen in the transcript levels of IFITM1-3 in U0126 treated cells as compared with 

DMSO treated and normal MDR.MCF7 cells, suggesting that the dephosphorylation of 

MEK/ERK pathway affects the translation of IFITM1-3. 
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Fig. 5.16. Densitometry analysis of IFITM1-3 proteins in U0126 treated MDR.MCF7 

cells. MDR.MCF7 cells were treated with 10μM of U0126 or DMSO (vehicle control) 

for 48 hours and then the cell extracts were collected and the protein expression levels of 

IFITM1-3 were analysed by immunoblots (as shown in Fig. 5.15). Densitometry analysis 

was performed and one-way ANOVA test was performed to analyse the data. Actin was 

used as loading control. (*p<0.05; **p<0.01). 
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Fig. 5.17. Transcript levels of IFITM1-3 in U0126 treated MDR.MCF7 cells. 

MDR.MCF7 cells were treated with 10μM of U0126 or DMSO (vehicle control) for 48 

hours and then the cell extracts were collected and the mRNA expression levels of 

IFITM1-3 were analysed by qRT-PCR (as shown in Fig. 5.15). One-way ANOVA test 

was performed to analyse the data. Actin was used as an internal control. The data is 

representative of two independent experiments. 
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5.4. DISCUSSION 

G3BP2 is an RBP reported to have a role in the regulation of mRNA as evidenced by it 

co-localisation to mRNA complexes and it involvement in SG formation. Moreover, 

G3BP2 has been reported to play a role in the RNA stability of SART3 which further 

implicates it in a role of mRNA regulation. In the previous chapter we studied the 

individual role of G3BP1 in the translational regulation of IFITM1-3, this chapter was 

designed to study the individual role of G3BP2 in the translational regulation of IFITM1-

3. The data from this chapter has shown that G3BP2 also has a crucial role in the 

translational regulation IFITM1-3, suggesting that both G3BP1 and G3BP2 are essential 

for the translational regulation of IFITM1-3 proteins and knockdown of either impairs 

their translation. Further analysis of ISGs may provide an extensive list of ISGs which 

are translationally regulated by G3BPs. 

 

5.4.1. G3BP2 is critical for accumulation of IFITM1-3 proteins. 

G3BP2 is also an RBP, however, to date only one mRNA target (SART3) has been 

reported for G3BP2. G3BP2 stabilizes the SART3 mRNA and hence indirectly controls 

expression of Oct4 and NANOG (transcription factors) and plays a role in the tumour 

initiation. The aim of this Chapter was to study and analyse the individual role of G3BP2 

in the translational regulation of IFITM proteins. G3BP2-knockdown experiments were 

designed to study the effect of G3BP2 depletion on the regulation of IFITM1-3 genes.  

 

The densitometry analysis of immunoblots have shown that the endogenous expression 

levels of IFITM1 protein were reduced to 2.0 and 2.7 fold in G3BP2 downregulated 

MCF7-wt (IFNα treated) and MDR.MCF7 as compared with control cells, respectively 
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(Fig 5.3 and 5.4). Whereas a decrease of 1.87 and 2.3 fold was seen for endogenous 

protein levels of IFITM2 (Fig 5.5 and 5.6)  and for the IFITM3 protein, a reduction of 2.4 

and 2.7 (Fig 5.7 and 5.8)  was seen in siG3BP2 treated MCF7-wt and MDR.MCF7 cells 

as compared with siNS treated control cells, respectively. These data suggest that G3BP2 

downregulation impairs the translation of IFITM1-3 proteins.  

 

While a significant decrease was observed in endogenous levels of IFITM1-3 proteins, 

no significant change was seen in the luciferase expression levels of a chimeric construct 

containing 3´UTR of βF1ATPase in G3BP2-knockdown cells, unlike in G3BP1-

knockdown cells where its expression was upregulated as compared to control cells, 

showing that G3BP2 is not involved in the regulation of βF1ATPase.  Although, G3BP2-

knockdown led to a decrease in the luciferase expression of constructs containing 3´-

UTRs of IFITM1-3, no significant change was seen in the transcript levels for any of the 

three target genes in G3BP2-knockdown cells as compared to control cells. It should be 

noted that a slight increase was seen in the transcript levels for IFITM1-3 in G3BP2-

knockdown cells as compared to control cells but this change was not significant, 

suggesting, that like G3BP1, G3BP2 also has a role in translational regulation of IFITM1-

3 (Fig 5.1 to Fig 5.8). The data from these experiments suggest that G3BP2 is critical for 

the accumulation of IFITM1-3 proteins, without impairing their transcript stability or 

longevity. These findings support an individual role of G3BP2 in the translational 

regulation of IFITM1-3. Whereas no induction or change was seen in the levels of IFITM 

transcripts and proteins in siG3BP2 or siNS treated MCF7-wt cells without IFNα, 

suggesting that siRNA or transfection treatment does not induce any off target effects.  
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5.4.2. G3BP2 interact with 3´-UTRs of IFITM1-3 and regulate their expression. 

RBPs usually interact with cis-elements within the target transcripts to regulate the post-

transcriptional modifications, hence regulating the expression of target proteins. Based 

on the initial data from immunoblots and qRT-PCR which shows that G3BP2 is critical 

for the accumulation of IFITM proteins, indicating the importance of studying the in vivo 

and in vitro functional role of GB3P2 in the regulation of IFITM1-3 proteins. Luciferase 

reporter and RARC assays were used to confirmed that G3BP2 also interacts with the 3´-

UTRs of IFITM1-3 and regulates their expression through this interaction. Though, 

Ortega et al., reported that G3BP2 is not among the proteins which bind to the 3´-UTR 

of βF1ATPase, our data shows that G3BP2 interacts with the 3´-UTRs of βF1ATPase, 

though the data from luciferase has shown that G3BP2 does not regulate the expression 

levels of construct containing 3´-UTR of βF1ATPase and this could be justified by the 

fact that G3BP1 and G3BP2 can form homo and heterodimers and are usually present in 

mRNPs. 

Overall the data from these experiments have shown that like G3BP1, G3BP2 is also 

critical for the translational regulation of IFITM1-3 mRNAs and this translational control 

of G3BP2 is through an interaction with 3´-UTRs of these transcripts.  

 

5.4.3. G3BPs, MEK/ERK pathway and IFITM1-3 regulation. 

G3BPs are involved in the regulation of the MEK/ERK pathway which has been 

suggested to be involved in the translation of ISGs. To investigate if G3BPs could be 

involved in the regulation of IFITM1-3 through this pathway as well, the effect of G3BP1 

and G3BP2-knockdown on phosphorylation of MEK, ERK1/2 and eIF4E was studied in 

MDR.MCF7 cells. The data has shown that downregulation of G3BPs reduce the 

phosphorylation of MEK/ERK pathway. Moreover, the inhibition of MEK 



  

140 
 

phosphorylation using U0126 also decreased the expression of IFITM1-3 proteins while 

keeping the transcript levels constant, suggesting that MEK/ERK pathway could also be 

responsible for the regulation of IFITM1-3 proteins via the activity of G3BPs, however, 

further experiments need to be performed before making final conclusion. 

 

Based on this, we propose a model for the regulation of IFITM1-3, and possibly in the 

regulation of other ISGs through G3BPs as shown in figure 5.13.  The proposed model 

suggests that G3BPs may receive environmental signals which are transduced to the 

phosphorylation of MEK, subsequently phosphorylating the downstream effector, eIF4E. 

Furthermore, the G3BPs also interact with the 3´-UTRs of IFITM1-3 and may participate 

in forming a complex for exporting mRNAs out of nucleus for translation. In the model, 

the proposal is that G3BPs facilitate the phosphorylation of eIF4E and also facilitate the 

formation of mRNA complex, required for the export of IFITM1-3 (ISGs) transcripts by 

binding to their 3´-UTRs.  The model proposes that the G3BPs remain associated with 

the target mRNA to facilitate their transport to actively translating ribosomes. This model 

is not the same for all G3BPs targets because the translation of βF1ATPase appears to be 

regulated by a different mode of action.  It should be noted that the data presented in this 

chapter is preliminary and further experiments need to be performed to validate this 

model.  
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Fig. 5.15. Proposed model for the translational regulation of IFITM1-3/ISGs by 

G3BPs.  G3BPs respond to signals (potentially including those activated by IFN).  G3BPs 

play two roles in transducing these signals, the first is to activate the phosphorylation of 

eIF4E via the MEK/ERK pathway and the second involvement is by interacting with the 

3´-UTR of target genes to facilitate mRNA export from the nucleus and/or to form a 

complex which facilitates translation of the cargo mRNAs. G3BPs could directly interact 

with the 3´-UTRs of IFITM1-3 (as shown in A) to facilitate the interaction of another 

protein with p-eIF4E or they can interact to these UTRs through another RBP (as shown 

in B, protein Y) and facilitate this interaction to support their export.  An indirect 

interaction, through protein X is proposed in this model but not evidence is available to 

support this and it is possible that G3BPs interact directly with p-eIF4E. 

 

 

 

 



  

 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 

GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 
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6.1. General Discussion: 

RBPs play an important role in the regulation of RNA metabolism by facilitating rapid 

post-transcriptional modifications required to maintain and stabilize the cellular 

environment under different intra- or extra-cellular stimuli. RBPs participate at different 

levels of RNA metabolism by having a precise program of control to allow specific 

responses to different cellular stimuli. G3BPs are a family of RBPs which have been 

reported to have roles in RNA metabolism in different cellular environments as evidenced 

by their involvement in SGs formation and several RNA targets have been reported for 

G3BP1. G3BPs are emerging to have roles in viral infections as well as in cancer 

metastasis and therefore, it is important to find their potential RNA targets which are 

regulated by G3BPs under different cellular contexts. Bidet et al., (2014) reported that 

G3BPs possess antiviral activity against DENV and in a complex with Caprin1 they are 

involved the translational regulation of ISGs. IFITM1-3 belong to a family of ISGs which 

possess antiviral activity against various potentially lethal viruses and current literature 

provides emerging evidence that these genes also promote cancer metastasis and cell 

proliferation. Therefore, it is important to study their regulation under different cellular 

environments. This project was designed to study the individual roles of G3BP1 and 

G3BP2 in the regulation of IFITM1-3. The research carried out to complete this project 

has shown that both G3BP1 and G3BP2 are required for the efficient translation of 

IFITM1-3 and downregulation of either G3BP1 or G3BP2 impedes translation of these 

proteins. 

 

An overall theme arose in the preliminary phase of this project was that the knockdown 

of either of G3BP1 or G3BP2 leads to a decrease in the protein expression levels of 

IFITM1-3 while keeping the transcript levels unchanged, both in IFNα treated MCF7-wt 

cells and MDR.MCF7 cells. This suggested that G3BPs may have a role in the 
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translational regulation of IFITM1-3 through an interaction with their 3´-UTRs which 

may facilitate their export or translation either by themselves or by recruiting other trans 

factors required for their export and/or translation. Further experiments using luciferase 

reporter assays and RARC showed that both G3BP1 and G3BP2 interact with the 3´-

UTRs of IFITM1-3 and support their translation. 

 

G3BPs have been implicated in the regulating the phosphorylation of MEK/ERK in HCC 

cells and there is an evidence for the involvement of MEK/ERK pathway and its 

downstream effector eIF4E (phosphorylated) in the regulation of a specific subset of 

mRNAs, including the regulation of ISG15 and ISG54. Based on these reports and the 

preliminary results from this thesis, the role of phosphorylated MEK, ERK and eIF4E 

was analysed in the regulation of IFITM1-3 by treating MDR.MCF7 with U0126, (a MEK 

inhibitor) showing a decrease in the expression of IFITM1-3 proteins. Altogether, these 

results suggest that G3BPs might have a role in the translation of IFITM1-3 proteins by 

regulating the phosphorylation of MEK/ERK pathway and recruiting the trans factors, 

like p-eIF4E, or other proteins which are required for the recruitment of p-eIF4E, or to 

facilitate its binding to 3´-UTRs of IFITM1-3, to assist the conformational change in the 

target transcript to facilitate their transport to the cytoplasm. Although further 

experimentation needs to be performed to explore this. 

 

 

IFITM1-3 are ISGs and they are expressed in response to induction of the type I IFN 

system, either by exogenous treatment with IFNα/IFNβ, or due to the changes in the 

cellular environment in response to different cellular stresses such as viral attack or DNA 

damage by drug treatment. Therefore, chapter 3 was designed to optimise and analyse the 

expression of IFITM1-3 in MCF7-WT (IFNα/β sensitive cell line) and MDR.MCF7 cells. 
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MCF7-wt cells were treated with 1000U/ml of IFNα for different time points to optimise 

the time for the induction of IFITM1-3 proteins. Immunoblot analysis showed that the 

treatment of MCF7-wt with 1000U/ml of IFNα for 12h is an optimum time to study their 

expression in MCF7-wt cells as significant expression of all three target genes was seen 

after 12h of treatment with IFNα. Whereas the MDR.MCF7 cells constitutively express 

the proteins without IFNα treatment and can be used to study the expression of IFITM1-

3. After analysing the protein expression levels of IFITM1-3 proteins, in both MCF7-wt 

and MDR.MCF7 cells, the transcript levels of IFITM1-3 in MCF7-wt cells (IFNα treated 

and untreated) and MDR.MCF7 cells were analysed. Significant upregulation was seen 

in IFNα treated MCF7-wt and MDR.MCF7 for all three target genes as compared with 

untreated MCF7-wt cells. 

 

Chapter 4 was designed to study the individual role of G3BP1 in the translational 

regulation of IFITM1-3 proteins in both MCF7-wt and MDR.MCF7 cells. The data from 

this chapter revealed that G3BP1 interacts with the 3´-UTRs of IFITM1-3 and is essential 

for the accumulation of IFITM1-3 proteins.  The inception of Chapter 5 was to study the 

individual role of G3BP2 in the translational regulation of IFITM1-3. The data form this 

Chapter has shown that, like G3BP1, G3BP2 also plays a vital role in the translational 

regulation of IFITM1-3 proteins by interacting with the 3´-UTRs of IFITM1-3. 

 

 Overall, the data from Chapter 4 and 5 suggests that G3BPs are essential for the 

translational expression of IFITM1-3 through an interaction with their 3´-UTRs and 

downregulation of any of the G3BPs impairs their translation. These results suggest that 

this role of G3BPs could be implemented in the translational regulation of other ISGs and 

exploring this would give more detailed list of ISGs regulated by G3BPs and would give 

insights into the mechanisms, or systems, in which G3BPs are involved. The extent of the 
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overall downregulation in the levels of IFITM1-3 proteins was almost same for both 

G3BP1 and G3BP2 downregulated cells (table 6.1); 

 

Table 6.1.  Fold changes of IFITM1, IFITM2 and IFITM3 in G3BP1 & G3BP2-

knockdown cells. 

Name of target G3BP1 KD 

MCF7-wt 

G3BP1 KD 

MDR.MCF7 

G3BP2 KD 

MCF7-wt 

G3BP2 KD 

MDR.MCF7 

IFITM1 2.5 2.6 2.0 2.7 

IFITM2 1.8 1.65 1.87 2.3 

IFITM3 2.0 2.2 2.4 2.7 

 

G3BPs are involved in the phosphorylation of the MEK/ERK pathway [261], suggesting 

that the dephosphorylation of downstream effectors of MEK/ERK pathway like 

eukaryotic initiation factor 4E (eIF4E) could also be involved in the regulation of 

IFITM1-3 proteins by G3BPs. Moreover, there has been evidence of the involvement of 

the MEK pathway in the translational regulation of ISG15 and ISG54 through 

phosphorylation of eIF4E [269]. There have also been studies showing that the 

phosphorylated eIF4E is involved in the export of specific mRNAs from the nucleus to 

the cytoplasm to facilitate their translation, through an eIF4E sensitive element (4ESE) in 

the 3´-UTRs of target mRNAs [263,265,266]. Moreover, the phosphorylation status of 

eIF4E has been reported to impede translational initiation of specific mRNAs.  This urged 

the need to investigate if G3BPs could have a role through this pathway by interacting 

with the 3´-UTRs of target mRNAs and facilitating the phosphorylation of MEK and its 

downstream effectors and recruiting p-eIF4E to the 3´-UTRs of IFITM1-3. The 

expression levels of phosphorylated and unphosphorylated MEK, ERK1/2 and 

phosphorylated eIF4E (p-eIF4E) in G3BP1 and G3BP2-knockdown MDR.MCF7 cells 

have shown a significant downregulation in the phosphorylation status of MEK, ERK1/2 

and eIF4E whereas no change was seen in the protein levels of unphosphorylated MEK 

and ERK1/2 in cells with downregulated G3BPs as compared with control cells. These 
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results supported the idea that G3BPs could have role in the translational regulation of 

IFITM1-3 through MEK/ERK pathway. The inhibition of MEK phosphorylation by 

U0126, with subsequent dephosphorylation of ERK1/2 and eIF4E also led to a decrease 

in expression of IFITM1-3, recapitulating the effect of the G3BP1 and G3BP2-

knockdowns. The decrease in the expression of IFITM1-3 after treatment with U0126 

was not to the same extent as it was in G3BP1 and G3BP2 knockdown cells. This could 

be due to many things including the efficacy of U0126, drug concentration, time courses 

and turnover of the drug in tissue culture.  However, one speculation could be that the 

effect of G3BPs is not only dependent on p-eIF4E and the interaction of G3BPs with the 

3´-UTRs of these genes (as evidenced by the RARC experiments in this thesis) could 

enhance the translational regulation of these genes.  This could be facilitated by G3BPs 

physical binding to targets as a mechanism to improve selectivity of target genes to be 

downregulated after down regulation of p-eIF4e. These findings suggest that G3BPs 

control the translational regulation of IFITM1-3 proteins by interacting with the 3´-UTRs 

of IFITM1-3 transcripts and by phosphorylating and recruiting eIF4E.  These complexes 

might then export these transcripts to the cytoplasm for translation. Based on these 

findings we propose a model for the regulation of IFITM1-3 by G3BPs, where G3BPs 

phosphorylate MEK and its downstream effector eIF4E and that G3BPs also interact with 

the 3´-UTRs of IFITM1-3 and assist in forming a complex for exporting specific 

transcripts out of nucleus for translation.  

 

In conclusion, the exact role of G3BPs in the translational regulation of IFITM1-3 or ISGs 

is still not fully elucidated but we are one step closer to understand the role of G3BPs in 

their regulation. The current data showing the role of G3BPs in regulating the translation 

of IFITM1-3 suggest that G3BPs are essential for the accumulation of ISGs and hence 

might be responsible for regulating the innate immune response to external stimuli like 
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viral attack or DNA damage due to chemotherapeutic drugs or exposure to radiations. 

Reports where dysregulation of IFN system has been shown in response to DNA damage 

and drug treatments, supports the findings of Chapter 3 where MDR.MCF7 cells were 

found to constitutively express the IFITM1-3 genes, suggesting that the IFN system is 

upregulated in these cells in response to treatment with chemotherapeutic drugs (CDDP 

and 5-FU). From the available research reports and the knowledge gathered from the 

experimental work performed during this research project, it is clear that G3BPs are vital 

for the accumulation of IFITM1-3 and hence could be involved in the regulation of other 

ISGs by interacting with the 3´-UTRs and regulating their translation either by recruiting 

other factors required for their export or translation. However, before giving a final 

judgement there is a need of more experiments to study the role of G3BPs in the 

regulation of other ISGs and to pool them to study their regulation in different cells and 

under diverse environmental conditions. 

 

6.2. Future Directions: 

In order to validate the proposed model, and to study the role of G3BPs in the translational 

regulation of its target mRNAs (i.e. IFITM1-3), a rescue experiment should be performed. 

This would be done by over expressing G3BP1 and G3BP2, which are resistant to the 

siRNAs used in this research study. The rescue experiments would return the change in 

the target gene expression (in response to knockdown of G3BPs), to normal endogenous 

levels. Furthermore, exploring the other RBPs which interact with the 3´-UTRs of 

IFITM1-3 proteins would give more insights into the mechanisms by which these proteins 

are regulated. For this the proteins eluted by RARC could be analysed by mass 

spectrometry. This would give more understanding of the regulation of these genes, 

showing if GB3Ps are solely responsible for their translation or there are other proteins 

facilitating this role of G3BPs. Furthermore, analysing the role of G3BPs in the regulation 
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of other ISGs would give a whole set of ISGs which could be regulated by G3BPs under 

various cellular conditions. This would give insights into the systems that might be 

regulated by G3BPs.  For example, the current data suggests that multiple components of 

the ISG system maybe translationally regulated by the G3BPs, but this is yet to be 

confirmed.  However, if the binding partners also included members of the 5´Cap binding 

structure, or confirmed multiple binding partners typically found in SG, then it might be 

possible to determine systems that are controlled by G3BPs. 

 

The elaborative study of the role of G3BPs in the regulation of MEK/ERK pathway and 

its downstream effectors would give more insights of the exact role of GB3Ps in the 

regulation of ISGs and would validate the proposed model that G3BPs interact with the 

3´-UTRs of IFITM1-3/ISGs and recruit the trans factors like p-eIF4E to these mRNA 

transcripts to facilitate their export and/or translation.  For this, the analysis of IFITM1-3 

and other ISGs expression levels in eIF4E-knockdown cells would be studied and a 

thorough study of IFITM/ISGs by mutating the phosphorylation site of eIF4E (S209), 

subsequently inhibiting the phosphorylation eIF4E would confirm if phosphorylation of 

eIF4E is involved in the regulation of IFITM/ISGs by G3BPs. Furthermore, the analysis 

of mRNA levels of IFIMT/ISGs in the nuclear and cytoplasmic extracts of G3BPs and/or 

eIF4E knockdown cells would confirm if these are involved in the export and/or the 

translational initiation of IFITM/ISGs. 

 

The research work described in this thesis was started with a hypothesis that both G3BP1 

and G3BP2 are involved in the translational regulation of IFITM1-3 by interacting with 

their 3´UTRs. However, the data from this thesis shows that both G3BP1 and G3BP2 

both are essential for the accumulation of IFITM1-3 and downregulation of either of these 

two leads to an impairment of IFITM1-3 protein expression, suggesting an involvement 
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of G3BPs in metastasis and antiviral properties could be through a control of ISGs and 

IFN system, although it does not suggest these are the only mechanisms that control these 

systems. This role of G3BPs appears to be way more subtle than expected, as G3BPs are 

also involved in the phosphorylation and regulation of the MEK/ERK pathway and a pilot 

experiment using U0126, an inhibitor of MEK phosphorylation has shown a partial 

decrease in the expression of IFITM1-3, showing that G3BPs could also control the 

translation of ISGs through this pathway by phosphorylating and recruiting p-eIF4E to 

the target mRNA transcripts of ISGs, facilitating the export of these transcripts to 

cytoplasm to be translated into proteins. This seems to be an important pathway and could 

be involved in the differential role of G3BP in the regulation of various target mRNAs. 

G3BP1 is involved in the regulation of βF1ATPase mRNA, which is inhibited by G3BP1. 

IFITM1-3. Interestingly, βF1ATPase belongs to a different cellular system (i.e. 

mitochondrial) and despite these transcripts being targets of G3BPs, the mechanisms by 

which G3BPs regulate these appear to be mutually exclusive. This could be due to the 

presence of different cis-elements in the target transcript and future studies with a focus 

to find the binding elements in the target transcripts of G3BPs will unravel the 

mechanisms responsible for the different controls of regulation by G3BPs. The RNA 

binding motifs of G3BPs can be explored by sub-cloning the different segments of the 

3`-UTRs of IFITM1-3 and performing luciferase reporter assay and RARC, to see which 

segment preferentially binds to G3BPs. The future studies regarding GB3Ps should 

address these questions: How do G3BPs manage to distinguish among various target 

mRNAs? What properties allow them to regulate specific mRNA targets differentially 

under diverse cellular environments? Are the distinct cis elements present in their targets 

responsible for the differential regulation by G3BPs?  
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APPENDIX 1: IMMUNOBLOT SHOWING THE EXPRESSION OF MDR-1 

PROTEIN IN MDR.MCF7 CELLS AND MCF7-wt CELLS 

 

Figure is representing the immunoblot of MDR-1 protein (using MDR-1 antibody from 

Santacruz, Cat # sc-55510) in three biological replicates of MDR.MCF7 and MCF7-wt 

cells. Actin was used as loading a control. 
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APPENDIX 2: NUCLEOTIDE SEUQNCES OF 3´-UTRs OF IFITM1-3 AND 

βF1ATPase 

Nucleotide sequence of 3´-UTR of IFITM1 

NCBI Reference Sequence: NM_003641.3 

tagccgcccata gcctgcaacc tttgcactcc actgtgcaat gctggccctg cacgctgggg ctgttgcccc 

tgcccccttg gtcctgcccc tagatacagc agtttatacc cacacacctg tctacagtgt cattcaataa agtgcacgtg 

cttgtgaaa aaaaaaaa aaa 

 

 

3´-UTR: 579-733 

Nucleotide sequence of 3´-UTR of IFITM2 

NCBI Reference Sequence: NM_006435.2 

tagatcag gaggcatcat tgaggccagg agctctgccc gtgacctgta tcccacgtac tctatcttcc attcctcgcc 

ctgcccccag aggccaggag ctctgccctt gacctgtatt ccacttactc caccttccat tcctcgccct gtccccacag 

ccgagtcctg catcagccct ttatcctcac acgcttttct acaatggcat tcaataaagt gtatatgttt ctggtgctgc 

tgtgacttca aaaaaaaa 

 

 

3´-UTR: 486-738 

 

 

Nucleotide sequence of 3´-UTR of IFITM3 

NCBI Reference Sequence: NM_021034.2 

tagatcagga ggcatcactg aggccaggag ctctgcccat gacctgtatc ccacgtactc caacttccat tcctcgccct 

gcccccggag ccgagtcctg tatcagccct ttatcctcac acgcttttct acaatggcat tcaataaagt gcacgtgttt 

ctggtgctaa aaaaaaaa 

 

3´-UTR: 505-668 

Nucleotide sequence of 3´-UTR of βF1ATPase 

ggggt ctttgtcctc tgtactgtct ctctccttgc ccctaaccca aaaagcttca tttttctgtg taggctgcac aagagccttg 

attgaagata tattctttct gaacagtatt taaggtttcc aataaaatgt acacccctca g aaaaaaaaa aaaaaaa 

 

3´-UTR: 1696-1860 
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APPENDIX 3: PLASMID MAPs 

 

Plasmid map of pGL3 promoter vector (Promega E-1761) 

 

 

 

Plasmid map of pGEM3Zf(+) vector (Promega P2271) 

 

 

 


