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 ABSTRACT 
 

G3BP1 and G3BP2 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 proteins are over-expressed in cancer, and 

G3BP1 promotes cell proliferation and survival. Aberrant expression of various RNA 

binding proteins is common in cancer, and several of these proteins influence 

tumorigenesis. Therefore, detailed examination of RNA binding proteins, such as 

G3BPs, may provide insights into the post-transcriptional mechanisms underlying 

tumorigenesis. 

 

Tumours arise as a consequence of genetic mutation or alteration, which often result 

from stress-induced DNA damage. Cancer progression is facilitated by various 

epigenetic stress adaptation mechanisms. Stressful stimuli induce transitory 

translational shut-off, mediated by phosphorylation of eukaryotic initiation factor 2α 

(eIF2α). This phosphorylation event leads to formation of discrete cytoplasmic foci 

known as stress granules (SGs), which are translationally-silent sites of mRNA 

sorting. It was initially thought that an RNA-binding protein, T-cell internal antigen 1 

(TIA-1), was instrumental in both the formation and functioning of SGs, because 

over-expression of TIA-1 induces spontaneous SGs and concomitantly causes a 

decrease in reporter gene expression. It is now clear that SG content can change 

depending on the type of stress, and that various proteins, including G3BP1, can 

induce spontaneous SGs. In vitro evidence previously implicated both G3BP1 and 

G3BP2 as endoribonucleases, so it was suggested that G3BPs act to target mRNA for 

decay at the SG. This project sought to further investigate this proposal, and in this 

way gain insight into the specific function of G3BPs in post-transcriptional regulation 

during tumorigenesis.  

 

Characterisation of G3BP1 and G3BP2 expression and localisation patterns in human 

cells and cancer was necessary before functional analyses in human cell systems 

could be undertaken. Both proteins were found to be over-expressed in breast cancer, 

irrespective of cancer stage or grade. G3BP1 and G3BP2 were also expressed in all 

human cell lines tested, despite previously observed tissue-specific expression. These 
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results support the notion that G3BP expression is switched on in parallel with cell 

proliferation, and as such, may influence tumorigenesis. The results of further 

analyses suggested that the diverse functions attributed to G3BP1 and G3BP2 may be 

facilitated by isoform-specific expression, various post-translational modifications 

and sub-cellular localisation.  

 

Despite the absence of a canonical endoribonuclease domain, it was previously 

reported that site-specific phosphorylation of G3BP1 enables the protein to degrade a 

synthetic c-myc RNA substrate in vitro. This finding implicated G3BP in the specific 

regulation of a proto-oncogene. Tailored reporter assays were thus designed in order 

to address the in vivo consequences of G3BP’s putative endoribonuclease activity. 

Contrary to expectations, all G3BP family members increased or maintained the 

expression of a range of reporters, at both the mRNA and protein level, irrespective of 

the presence of any particular cis-acting element, coding sequence or promoter. These 

results support the emerging notion that G3BPs positively affect the expression of at 

least some of their target mRNAs, and may also indirectly promote transcription. In 

contrast to the theory that G3BPs degrade proto-oncogenic mRNA/s, these findings 

are consistent with a role for G3BP in promoting cell proliferation and survival.  

 

Further analyses showed that G3BP1 and G3BP2 simultaneously increased reporter 

gene expression and induced SG formation. These findings highlighted the fact that 

SGs are dynamic sorting stations for mRNAs, and not merely sites of stalled 

translation. This result also supports the notion that a variety of proteins may be 

recruited to the SG to facilitate a multitude of mRNA fates. Although the precise role 

of the SG in stress adapation is not known, it is clear that an appropriate integrated 

stress response (ISR) is required for cells to survive in sub-optimal conditions. It was 

found that specific G3BP1 knockdown inhibited SG formation and cell survival, and 

this appeared to occur downstream of eIF2α phosphorylation. The phosphorylation of 

eIF2α is the only factor known to be necessary for SG formation and cell survival. 

This data is the first to implicate SG formation itself, downstream of eIF2α 

phosphorylation, in the survival phase of the ISR. The results also suggest that G3BP1 

plays a pivotal role in the post-transcriptional mechanisms underlying stress 

adaptation. 
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To facilitate future analysis of G3BP roles in the regulation of specific transcripts and 

in SG biology, a pilot study to identify G3BP RNA ligands was undertaken. 

Immunoprecipitation of epitope-tagged G3BP1 from stable cell lines facilitated 

purification and isolation of RNA in association with G3BP1. Specific RNA 

transcripts were subsequently detected and identified by microarray. Many genes 

were enriched in the G3BP1 immunoprecipitate. Transcript enrichment in the control 

immunoprecipitate was comparatively weak and seemingly random, suggesting that 

several replicates will enable generation of a reliable target list. This work forms a 

promising basis for further investigations into G3BP functionality, and also provides a 

platform for broader and more large-scale analyses of the mechanisms of post-

transcriptional gene regulation. 

 

The work presented in this thesis addressed the potential post-transcriptional 

mechanisms by which the G3BP family of proteins mediate cell proliferation and 

survival. Both G3BP1 and G3BP2 were shown to be over-expressed in tumours and 

each appeared to promote reporter gene expression. G3BP1 was also found to play a 

pivotal role in stress adaptation. A technique to identify novel RNA ligands was 

assessed, and it was found that G3BP1 may interact with various mRNA transcripts. It 

is hypothesised that the G3BP family of proteins, and in particular G3BP1, function to 

determine the fate of specific RNAs in response to cellular stress and other stimuli. In 

this way, G3BP proteins may facilitate appropriate responses to extra-cellular stimuli 

which allow for cell proliferation and survival.  
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CHAPTER 1 

 

Introduction 
 

1.1 Integrated control of gene expression 

 

1.1.1 Genes to proteins 

 

The processing of DNA to protein involves a range of steps and various levels of 

regulation. Transcription is the first, rate-limiting step in the production of protein, but 

the resulting pre-mRNA transcripts must undergo splicing, nuclear export, and 

translation in order to be processed into polypeptides. These polypeptides are then 

subjected to further modification before functional proteins are produced (Figure 1.1). 

At each step, various proteins mediate surveillance and destruction of aberrant 

transcripts, as well as normal mRNA and protein turnover. 

 

Cis-acting elements within the 5′ untranslated region (UTR), coding region and 

3′UTR of mRNA transcripts each mediate specific interactions with a range of trans-

acting factors, including RNA binding proteins. Association of RNA with a 

heterogeneous pool of RNA binding proteins throughout processing, from pre-mRNA 

to actively translating mRNA, may facilitate appropriate transcript fate, as dictated by 

specific cell signals. The degree to which the protein coat reflects or determines 

transcript fate is still not clear. However, it would appear that that the specific sub-set 

of proteins which associate with RNA, from as early as transcription, may facilitate 

the final fate of the transcript, possibly even up to the point of protein degradation. 

 

Following splicing and nuclear export of mRNA, most transcripts contain a 5′-cap 

structure and 3′-polyA tail, which together mediate the recruitment of proteins 

required for translation initiation. The 5′-cap structure is bound by the Eukaryotic 

inititation factor 4F (eIF4F) cap-binding complex and the 3′-polyA tail is bound by 

PolyA binding protein 1 (PABP1). Interaction between eIF4F and PABP1 facilitates 

formation of a pseudo-circular transcript structure. Multiple ribosomes, consisting of 

the 40S and 60S subunits, are recruited to the transcript to form a polysome, and 
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active translation ensues. The purpose of the pseudo-circular conformation is not 

certain, but it may allow for continuous recycling of ribosomes, and thereby enhance 

the efficiency of translation (Preiss and Hentze, 2003).  

 

 
Figure 1.1 Schematic representation of the integrated control of gene expression, from 
transcription to protein degradation. Adapted from (Kedersha and Anderson, 2002; Shyu and 
Wilkinson, 2000). 
 

1.1.2 Co-ordinated regulation of mRNA storage and translation  

 

An equilibrium exists between active translation and dormant storage of mRNA. 

Some transcripts appear to be marked for immediate translation following export from 

the nucleus, while other transcripts (at least in neurons and germ cells) are stored in 

dormant RNA granules, which contain both the 60S and 40S ribosomal subunits. 

Specific extra-cellular stimuli induce active translation of transcripts contained in 

these RNA granules (Anderson and Kedersha, 2006). On the other hand, transcripts 

can be diverted from active translation to dormancy. During stress, actively 

translating mRNA is shunted to translationally-silent sites of mRNA storage known as 

stress granules (SGs), which contain various RNA binding proteins and 40S 

ribosomal subunits. SGs are in dynamic equilibrium with the polysome, as evidenced 

by the fact that SG assembly is induced by drugs that dismantle the polysome and 

inhibited by drugs that freeze transcripts at the polysome (Kedersha et al., 2000).  
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1.1.3 Co-ordinated regulation of translation and mRNA decay  

 

SGs can fuse with processing bodies (P-bodies), yet another type of RNA granule. P-

bodies contain various components of the RNA decay machinery, and are 

constitutively present in mammalian and yeast cells (Coller and Parker, 2005; Cougot 

et al., 2004a). In yeast, inhibition of translation leads to increased P-body assembly, 

suggesting that the P-body is in dynamic equilibrium with the polysome (Coller and 

Parker, 2005). It has been suggested that P-bodies are required for the ongoing 

process of mRNA turnover in growing cells and that translational repression and 

mRNA decay mechanisms are constantly in competition with active translation to 

allow for cellular homeostasis (Coller and Parker, 2005). 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 (Otero et al., 2001; 

Sonoda and Wharton, 1999). This suggests that some cis control elements may recruit 

translational repressors in order for the transcript to be re-routed for decay. 

 

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

exosome-mediated 3′-5′ decay (Mitchell and Tollervey, 2000), or decapping and 5′-3′ 

decay at cytoplasmic processing bodies (P-bodies) (Cougot et al., 2004b). 

Endoribonucleolytic cleavage can also mediate mRNA decay by a deadenylation-

independent mechanism (Schoenberg and Cunningham, 1999). 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 (Keene, 2001). 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 promote mRNA 

instability. AREs are generally 50-150 nucleotides long and contain multiple copies 

of the pentanucleotide AUUUA, as well as a high content of U and sometimes A 

residues. The ARE of the early response gene c-fos mediates a biphasic rapid mRNA 
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decay initially 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 (Chen and Shyu, 1995).  

 

Early evidence suggested that ARE-mRNA decay was facilitated by the exosome, but 

newer data show that ARE-mRNA decay is mediated via 5′-3′ decay pathways in 

mammalian cells (Stoecklin et al., 2006). Moreover, endoribonuclease activity 

initiates ARE-mRNA decay in Drosophila (Orban and Izaurralde, 2005). 

Tristetraprolin (TTP) is the best-characterised trans enhancer of ARE-mRNA decay 

(Xu et al., 2001). HuR binding stablises ARE transcripts (Peng, 1998), while 

Hetereogeneous ribonucleoprotein D (hnRNPD/AUF1) has varying effects on ARE 

transcripts, depending on the context (Loflin et al., 1999; Xu et al., 2001). 

 

Recent evidence shows that a family of small non-coding micro RNAs (miRNAs) 

also mediate mRNA decay. These miRNAs assemble into the RNA-induced silencing 

complex (RISC), which harbours endoribonuclease activity. Perfect base-pairing 

between the miRNA and the target RNA appears to lead to target RNA decay 

(Mattick and Makunin, 2005). A specific role for miRNAs in ARE-mediated mRNA 

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

members of the RISC complex (Jing et al., 2005). On the other hand, imperfect base-

pairing of miRNA with target mRNA induces translational repression, and this was 

recently shown to be mediated through inhibition of cap-dependent translation 

initiation (Humphreys et al., 2005). It would appear that miRNAs can facilitate 

mRNA decay or translational repression, depending on the context and the specific 

target, although it is not known if these pathways intersect. 

 

1.1.4 Co-ordinated 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 (Schnell and Hicke, 2003). 

Inhibition of the proteasome by different means also blocks ARE-mediated mRNA 

decay (Laroia et al., 1999; Laroia et al., 2002). The proteasome harbours an 
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endoribonuclease activity which promotes ARE-mediated mRNA decay (Gautier-Bert 

et al., 2003), 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 (Laroia et al., 1999; Laroia et al., 2002). 

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

rapid turnover of transcripts bearing an ARE. 

 

1.1.5 Potentiation  

 

Co-ordination of the pathways that regulate the various steps of gene expression is 

substantiated by the phenomenon of “potentiation” (Preiss et al., 2003). Cells treated 

with rapamycin (a kinase inhibitor) or heat shock exhibit massive alterations in gene 

expression. In one study, transcription and translation were analysed by microarray 

detection of total RNA and polysome-associated RNA, respectively. As expected, 

each of these treatments produced alterations in the transcriptome, leading to 

increases and decreases in the level of hundreds of mRNAs. The majority of mRNAs 

that exhibited enhanced transcription were also more efficiently recruited to the 

translation machinery, and vice versa. These results illustrate an overall trend towards 

potentiation of gene expression and clearly show that transcription and translation are 

co-ordinately regulated (Preiss et al., 2003). 

 

1.1.6 Signal transduction and RNA metabolism  

 

There are exceptions to the general rule of potentiation which attest to the importance 

of post-transcriptional gene regulation mechanisms in defining the precise 

composition of the proteome. Studies have shown that the transcriptome does not 

exactly match the proteome, and that the expression of any particular gene is 

regulated by signal-specific recruitment of various RNA binding proteins to the 

transcript (Tenenbaum et al., 2002). It is suggested that specific mRNAs are stored in 

the cytoplasm as messenger ribonucleoprotein particles (mRNPs) and are repressed 

through the action of proteins that mask them from the translational machinery (Siomi 

and Dreyfuss, 1997). Cell signalling pathways may control the action of these trans-
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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 

specific localisation of particular mRNAs (Siomi and Dreyfuss, 1997).  

 

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 (SH3) 

domain and is a substrate for Src kinase activity (Barlat et al., 1997). Proteins 

harbouring SH3 domains act as adaptors in various signal transduction pathways, 

which effect changes in cell differentiation, proliferation and cytoskeletal arrangement 

(Musacchio et al., 1992). 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 (Siomi and Dreyfuss, 1997). Another RNA binding protein, hnRNPA1, is a 

substrate for protein kinase C (PKC), which is in turn activated by important signal 

transducers such as Ras (Municio et al., 1995). These data suggest that the interaction 

of RNA binding proteins with signalling proteins may be a common mechanism by 

which post-transcriptional responses to extra-cellular stimuli are transduced.  

 

Gene regulation at the post-transcriptional level can allow a cell to respond to 

environmental stimuli more rapidly than by de novo transcription, and the intersection 

of RNA metabolism with signal transduction would facilitate this (Siomi and 

Dreyfuss, 1997). In this way, post-transcriptional gene regulation provides the cell 

with the plasticity it requires to adapt in a rapidly fluctuating environment (Holcik and 

Sonenberg, 2005). Some factors appear to participate in gene regulation at various 

levels and as such may facilitate the integrated control of gene expression. It follows 

that disruption of the expression of cis or trans factors involved in post-transcriptional 

regulation may have profound effects on cellular homeostasis.  
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1.2 Post-transcriptional regulation in cancer 

 

The over-expression of several RNA binding proteins in a range of cancers provided 

early correlative evidence that disrupted RNA metabolism plays a role in 

tumorigenesis (Sonenberg and Gingras, 1998; Sueoka et al., 1999). Recently it was 

shown that the novel trans-acting non-coding miRNAs are also deregulated in cancer 

(Chen, 2005; Hammond, 2006). Alterations in cis regulatory elements and trans 

factors which affect the expression of mRNAs encoding proto-oncogenes can 

influence tumour formation and progression (Audic and Hartley, 2004). Post-

transcriptional mechanisms also facilitate activation of selective and adaptive 

expression programs (Holcik and Sonenberg, 2005) which enhance tumour survival 

and therapy resistance (Gatenby and Gillies, 2004). The activity of RNA binding 

proteins may also influence metastasis (Yaniv and Yisraeli, 2002). 

 

1.2.1 Tumorigenesis  

 

The process of carcinogenesis has been coined “somatic evolution” because it 

involves the “natural selection” of genetic and epi-genetic alterations that promote 

cell growth and survival (Gatenby and Gillies, 2004). The events which trigger 

tumour formation and progression are unique to each case, but a model example starts 

with a genetic mutation that allows a cell to bypass the normal tissue constraints of 

growth factor stimulation or cell-cell contact inhibition. In this process, a tightly 

regulated proto-oncogene, required for normal cell proliferation and differentiation, 

becomes a constitutively active oncogene. As the proliferating mass grows, it is 

deprived of blood supply and oxygen, which it adapts to through induction of 

anaerobic glycolysis. This leads to acidosis, which can induce apoptosis. At this stage, 

cells with defective DNA surveillance and apoptotic (tumour suppressor) pathways 

have a selective advantage. At the same time, the stressful conditions activate 

adaptive expression programs which allow for upregulation of various survival 

factors, such as those which promote angiogenesis. With the inactivation of apoptotic 

and DNA damage pathways, genetic mutation rates are high, and eventually, one of 

these mutations allows the tumour to break through the basement membrane and 

become metastatic (Gatenby and Gillies, 2004).  
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1.2.2 General post-transcriptional mechanisms of tumorigenesis  

 

An obvious requirement for cell growth and proliferation, and thereby tumorigenesis, 

is efficient translation. eIF4E is over-expressed in several tumour types and cancer 

cell lines and its over-expression in NIH3T3 and CHO cells leads to oncogenic 

transformation (Sonenberg and Gingras, 1998). It has also been shown that the over-

expression of eIF4E in mammary epithelial cells leads to clonal expansion and 

anchorage-independent growth, and that formation of the eIF4E complex, which 

allows for cap-dependent translation, is essential for mammary tumorigenesis 

(Avdulov et al., 2004).  

 

The localisation of mRNA also appears to be important for tumorigenesis. Coding 

region instability determinant binding protein (CRD-BP) is highly expressed during 

embryogenesis, but expression is switched off at birth in all tissues, except the testes 

and ovaries. Through interaction with the 5′UTR of β-actin, CRD-BP mediates 

localisation of the transcript to the leading edge of cells, allowing for appropriate 

outgrowth and cell migration. The expression of CRD-BP is re-activated in various 

tumour types, and given its role in cell motility, this protein is postulated to influence 

tumour metastasis (Yaniv and Yisraeli, 2002). It is of interest to note that CRD-BP 

(also known as IMP-1 and ZBP1) also appears to inhibit the translation of insulin-like 

growth factor II (IGF-II) mRNA and affect the stability of the proto-oncogene c-myc 

(Yaniv and Yisraeli, 2002). This highlights the multi-functional nature of RNA 

binding proteins, and the potential links between different levels of gene regulation. 

 

1.2.3 Specific post-transcriptional regulation of proto-oncogenes  

 

The specific stability and translation of proto-oncogenes is tightly regulated in normal 

conditions, and this is mediated by cis elements within the 5′UTR, the coding region 

and the 3′UTR. Numerous trans-acting factors, including RNA binding proteins and 

miRNAs, facilitate this regulation. Alterations in cis regulatory sequences or trans 

factors may affect the expression of mRNAs encoding proto-oncogenes and in turn, 

promote tumorigenesis. 
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AREs in the 3′UTR target proto-oncogenic mRNAs for rapid and selective 

degradation, and thus ARE malfunction may lead to cell transformation and 

oncogenesis by improving the longevity of oncogenic transcripts. The importance of 

AREs in containing normal cell growth is illustrated by the fact that deletion of the 

ARE from the c-fos 3’UTR results in a massive increase in the stability of the 

transcript with resultant conversion of c-fos from protooncongene to oncogene (Chen 

and Shyu, 1995). Moreover, in a model tumour system displaying abnormal ARE-

mRNA stabilisation, TTP, which mediates ARE-mRNA decay, acts as a potent 

tumour suppressor (Stoecklin et al., 2003). Similarly, many miRNAs, which were 

recently shown to be involved in ARE-mRNA decay (Jing et al., 2005), behave as 

tumour suppressors (Chen, 2005). However, like RNA binding proteins, miRNA 

functions appear to be diverse, and as such, some miRNAs appear to promote 

tumorigenesis (Hammond, 2006).  

 

The proto-oncogene c-myc contains various cis elements, which may be individually 

redundant, allowing for tight regulation of its expression. The stability of c-myc is 

affected by coding region instability determinants (CRD) (Lemm and Ross, 2002; 

Yeilding and Lee, 1997; Yeilding et al., 1996) and AREs in the 3′UTR (Herrick and 

Ross, 1994). The possible redundancy of these elements is illustrated by the fact that 

in some contexts deletion of the c-myc ARE does not lead to transcript stabilisation 

(Langa et al., 2001). The binding of CRD-BP protects c-myc from endoribonuclease 

cleavage, and this protein was shown to be upregulated, in parallel with c-myc, in 

30% of breast cancers (Doyle et al., 2000). The translation of c-myc is affected by 

elements within the 5′UTR (Nanbru et al., 1997), adding yet another level of 

regulation to the expression of this gene. Binding of hnRNPK to this region enhances 

translation, and mutations in this region enhance both hnRNPK binding and c-myc 

translation (Evans et al., 2003). This region within the c-myc 5′UTR was shown to be 

mutated in 42% of multiple myeloma cases (Chappell et al., 2000). 

 

1.2.4 Stress adaptation  

 

Post-transcriptional mechanisms mediate the initiation of adaptive expression 

programs that allow for tumour progression. Various stresses lead to the activation of 
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different members of a kinase family, each of which mediates the phosphorylation of 

eukaryotic initiation factor 2α (eIF2α) on Ser 51 (Holcik and Sonenberg, 2005). This 

leads to a global inhibition of translation (Krishnamoorthy et al., 2001). At the same 

time, the phosphorylation of eIF2α mediates SG formation (Kedersha et al., 2002) 

and selective translation of survival factors (Holcik and Sonenberg, 2005).  

 

The possible interplay between the two responses to eIF2α phosphorylation, SG 

formation and selective translation, have not been thoroughly addressed. However,  

the mechanisms of selective translation have been investigated. Selective translation 

in the presence of low levels of active eIF2α appears to be mediated by elements 

within the 5′UTR. Upstream ORFs in some transcripts code for truncated versions of 

the transcript and their presence appears to inhibit translation of the full-length protein 

in normal conditions. Conversely, translation initiation at upstream ORFs is often 

skipped when eIF2α levels are low, which allows for translation of some full-length 

protein. Cap-independent translation, mediated by internal ribosome entry sites 

(IRESs) within specific transcripts, may also play a role in selective translation during 

stress (Holcik and Sonenberg, 2005). 

 

A simplified model illustrates the process of stress adaptation by selective translation 

during tumorigenesis. Bulky tumours often have restricted blood supply, which 

causes hypoxic stress (Brown and Bicknell, 2001). This induces Protein kinase R-like 

ER kinase (PERK/PEK) to phosphorylate eIF2α. This in turn leads to the selective 

translation of Hypoxia inducible factor 1 (HIF-1) (Holcik and Sonenberg, 2005). HIF-

1 is a transcription factor that induces the expression of i) glucose transporters and 

glycolytic enzymes to activate anaerobic metabolism, and ii) angiogenic growth 

factors and haematopoietic factors to re-establish the blood supply (Gatenby and 

Gillies, 2004). The switch to anaerobic glycolysis causes acidosis, which induces 

apoptosis in the normal surrounding cells. Tumour cells with defective apoptotic 

pathways thereby benefit in multiple ways. The acidosis caused by anaerobic 

glycolysis: 1) causes destruction of surrounding normal cells, reducing competition 

for nutrients; 2) compromises the integrity of the extra-cellular matrix, heightening 

the chance of metastasis; and 3) induces further adaptation pathways that promote 

angiogenesis (Gatenby and Gillies, 2004). 
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1.3 The G3BP family of proteins 

 

The RasGAP SH3 domain binding proteins (G3BPs) are a family of RNA-binding 

proteins conserved throughout eukaryotic evolution. A plethora of data concerning 

these highly homologous proteins exists, but research in the field has been carried out 

in such a diverse range of systems, that their precise functions remain unclear (Irvine 

et al., 2004). Early evidence suggested that G3BPs may play a role in tumorigenesis, 

because both proteins are over-expressed in a range of tumours and in proliferating 

cells (Barnes et al., 2002; French et al., 2002; Guitard et al., 2001; Kociok et al., 

1999). The recent generation of G3BP1 knockout (KO) mice support a role for 

G3BP1 in cell survival and proliferation (Zekri et al., 2005). Based on accumulated 

evidence, it would appear that these proteins function in a cell-type specific way, as 

downstream effectors of a variety of signalling pathways, to affect gene expression at 

various levels of control. As such, these proteins are postulated to link signal 

transduction with RNA metabolism, for the purpose of maintaining cellular 

homeostasis and promoting cell survival.  

 

1.3.1 G3BP structure  

 

There are two human G3BP genes, G3BP1 on chromosome 5 and G3BP2 on 

chromosome 4. G3BP2 exists in at least two alternatively spliced forms, G3BP2a and 

G3BP2b, the latter of which contains 33 less amino acids (Kennedy et al., 2001). The 

two genes are highly homologous, and a linear representation of protein structure is 

illustrated in Fig. 1.2.  

 

Both G3BP1 and G3BP2 contain a Nuclear transport factor 2 (NTF2)-like domain at 

the N-terminus (Suyama et al., 2000), which is reported to mediate the nuclear 

localisation of these predominantly cytoplasmic proteins (Prigent et al., 2000). 

Nucleocytoplasmic transport depends on the small GTPase Ran, which switches from 

the GDP bound form in the cytoplasm to the GTP bound form in the nucleus, forming 

a gradient which stimulates nucleocytoplasmic transport (Quimby et al., 2000). NTF2 

was originally identified as a protein that stimulates import of proteins into the 

nucleus. It associates with RanGDP and nuclear pore proteins, and this interaction is 

essential for appropriate distribution of Ran, and in turn, nucleocytoplasmic transport 
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in general (Quimby et al., 2000). This domain is highly conserved in G3BP, and aside 

from nuclear localisation, it is also reported to be required for auto-aggregation, 

which mediates recruitment of the protein to specialised RNA granules termed stress 

granules (SGs) (Tourriere et al., 2003). 

 

 
Figure 1.2 The predicted domain structure of the two G3BP genes, G3BP1 and G3BP2. 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 indicated (Irvine et al., 2004). 
 

At the inception of this project, no RNA ligands for G3BP had been confirmed, 

although sequence alignment showed high homology with heterogeneous nuclear 

ribonucleoproteins (hnRNPs) (Parker et al., 1996). The hnRNPs are a family of RNA 

binding proteins (RBPs) involved in mRNA trafficking and processing (Shyu and 

Wilkinson, 2000), and like hnRNPs, G3BP1 and G3BP2 each contain an RNA 

recognition motif (RRM) and an arginine/glycine rich (RGG) region (Kennedy et al., 

1997; Parker et al., 1996), which are established RNA binding domains (Siomi and 

Dreyfuss, 1997). RRMs are structural domains that are readily identified by two 

signature sequences, an octapeptide referred to as RNP-1 and a hexapeptide, RNP-2.  

The three dimensional structure of the RRM provides a platform from which aromatic 

side chains can interact with RNA targets, consistent with the requirements for ring 

stacking interactions (Nagai et al., 1995). The G3BPs also contain acid-rich and RGG 
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domains, which are often considered auxiliary domains for RRM-type RNA-binding 

proteins (Burd and Dreyfuss, 1994; Siomi and Dreyfuss, 1997). The RGG motif can 

also facilitate RNA binding, independent from other domains (Darnell et al., 2001).  

 

The region of highest variability between G3BP1 and G3BP2 are the proline-rich 

(PxxP) motifs. A total of five and six PxxPs are present in G3BP2a and 2b, 

respectively, whereas the comparable regions of G3BP1 contain only two PxxP 

motifs (Kennedy et al., 2001). PxxP is the minimal SH3 domain-binding consensus 

sequence (Booker et al., 1993; Saksela et al., 1995). As explained in Section 1.1.6, 

SH3 domain-containing proteins are pivotal signal transducers which effect a range of 

cellular outcomes, including differentiation, proliferation and cytoskeletal 

rearrangement. The variability between G3BP1 and G3BP2 in the proline-rich regions 

suggest that each protein may interact with different signalling partners.  

 

1.3.2 G3BP, cell proliferation and cancer 

 

Accumulating evidence suggests that G3BP proteins promote cell growth, survival 

and proliferation, and as such, may influence tumorigenesis. G3BP tissue expression 

is switched on in parallel with proliferation and de-differentiation. Several groups 

have presented data showing G3BP1 over-expression in a range of tumour types 

(Barnes et al., 2002; Guitard et al., 2001), and work carried out as part of this thesis 

showed that both G3BP1 and G3BP2 are over-expressed in breast cancer (French et 

al., 2002). Moreover, G3BP1 was shown to be over-expressed in cells within a model 

system of proliferative vitreoretinopathy (PVR), a visual impairment characterised by 

de-differentiation and proliferation of the retinal pigment epithelium (Kociok et al., 

1999). G3BP1 over-expression has also been shown to induce S-phase entry into the 

cell cycle, and this activity is dependent upon the RNA binding domain (Guitard et 

al., 2001). Most convincingly, G3BP1 KO MEFs proliferate more slowly than their 

WT counterparts, and KO mice exhibit growth retardation, neonatal lethality and 

massive neuronal cell death (Zekri et al., 2005). Nevertheless, the specific 

mechanisms by which G3BP proteins may influence cell proliferation and 

tumorigenesis remain unclear.  
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Several pieces of evidence implicate G3BPs in RNA metabolism downstream of cell 

signalling pathways (Irvine et al., 2004). Like Sam68, G3BP proteins have the ability 

to interact with SH3 domain containing proteins. As described, the interaction of 

G3BP1 with RasGAP is dependent upon the activation of Ras, and it appears that 

G3BP phosphorylation/de-phosphorylation is effected by elements within the Ras-

RasGAP pathway (Tourriere et al., 2003; Tourriere et al., 2001). Some evidence 

suggests that G3BP also interacts with another SH3 domain containing protein, 

phospholipase Cγ, which is involved in relaying extra-cellular signals (Kennedy, 

1996). 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 

(Pazman et al., 2000).  

 

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

complexes (Angenstein et al., 2002; Atlas et al., 2004; Tourriere et al., 2003) and 

several G3BP1 RNA ligands have recently been identified (Lypowy et al., 2005; 

Zekri et al., 2005). Moreover, G3BP1 KO mice exhibit numerous alterations in the 

transcriptome (Zekri et al., 2005). It is thus suggested that G3BP proteins act through 

signal-specific regulation of RNA metabolism. Given that G3BPs are primarily 

cytoplasmic proteins, it has been proposed that their primary functions may involve 

transcript localisation, stability or translation (Parker et al., 1996; Pazman et al., 

2000). Whatever the case, it appears unlikely that G3BP proteins play a single, 

specific function within the cell. Emerging evidence instead 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 (Irvine 

et al., 2004). 

 

1.3.3 G3BP and RasGAP signalling 

 

G3BP1 was first discovered via its immunoprecipitation with RasGAP, an SH3 

domain containing protein which functions in Ras signalling. The interaction between 

RasGAP and G3BP1 was shown to be dependent on the presence of activated Ras 

(Parker et al., 1996). Further studies suggested that G3BP2 proteins also interact with 

RasGAP (Kennedy et al., 2001), and investigations focussed upon the Drosophila 
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homologue of G3BP1/2, Rin, confirmed that these proteins play a role in Ras 

signalling (Pazman et al., 2000). 

 

Ras is a small GTPase and proto-oncogene that is activated through receptor tyrosine 

kinases (RTK) to induce signal transduction cascades to the nucleus. Ras signalling 

pathways have been implicated in a diverse range of cellular events, including 

cytoskeletal organisation, cell proliferation, cell survival and apoptosis (Malumbres 

and Pellicer, 1998). Ras activity is tightly regulated to prevent oncogenenesis, and 

Ras GTPase activating protein (RasGAP) is an important negative regulator of Ras 

GTPase activity. RasGAP inhibits Ras by stimulating hydrolysis of the active Ras-

GTP to the inactive Ras-GDP. This activity is countered by a RasGTP exchange 

factor (RasGEF) (Malumbres and Pellicer, 1998).  

 

On the other hand, the N-terminal portion of RasGAP contains an SH3 domain 

flanked by two SH2 domains (Tocque et al., 1997). Although G3BPs each contain 

proline-rich regions, which are SH3 domain binding motifs, there is no evidence to 

suggest that these motifs mediate the interaction with the RasGAP SH3 domain. Non-

proline rich motifs have previously been shown to mediate interactions with SH3 

domains (Agrawal and Kishan, 2002), and the data suggest it is the NTF2 domain, 

and not the proline-rich regions, which mediate the interaction between G3BPs and 

RasGAP (Kennedy et al., 2001). 

 

In contrast to the C-terminal portion of RasGAP, which acts to negatively regulate 

Ras activity, the SH3 domain of RasGAP is essential for triggering signals 

downstream of Ras. Accumulated evidence suggests that RasGAP acts as a Ras 

effector, independent of the Ras-induced mitogen activated protein kinase (MAPK) 

pathway. Antibodies directed against the SH3 domain of RasGAP block activation of 

various pathways responsible for cytoskeletal organisation and cell survival, without 

blocking the MAPK pathway (Duchesne et al., 1993; Leblanc et al., 1999; Leblanc et 

al., 1998; Pomerance et al., 1996).  

 

G3BP1 was first identified during a search for potential RasGAP effectors (Parker et 

al., 1996). G3BP1 interacts with RasGAP through the SH3 domain, only when Ras is 

active (Parker et al., 1996), and G3BP phosphorylation is defective in RasGAP-
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deficient cells (Tourriere et al., 2001). RasGAP KO mice exhibit neonatal lethality, 

vascular defects and massive neuronal cell death (Henkemeyer et al., 1995). It has 

now been shown that G3BP1 KO mice also die during embryogenesis and display 

high levels of neural cell apoptosis (Zekri et al., 2005). Moreover, knockdown of 

G3BP expression in zebrafish results in vascular defects (French, 2002). It is not 

possible to draw conclusions about G3BP roles in RasGAP signalling based on data 

obtained from Drosophila, because the Drosophila homologue of RasGAP does not 

contain the SH3 domain. Nevertheless, the Drosophila homologue of G3BP1/2, Rin, 

is implicated in cytoskeletal organisation downstream of Ras, and independent of the 

MAPK pathway (Pazman et al., 2000). Further evidence for a role for G3BP1 in 

cytoskeletal re-organisation downstream of RasGAP is provided by the fact that both 

proteins redistribute to sites of integrin cross-linking following the specific induction 

of filopodia formation in mammalian cells (Meng et al., 2004). In breast cancer cells, 

G3BP1 expression is specifically induced through Human epidermal growth factor 

receptors (HER), a family of TKRs that induce signals through Ras (Barnes et al., 

2002). Therefore, data obtained from various species suggest that G3BP acts 

downstream of Ras, but independent of the MAPK pathway. In mammals at least, this 

effector activity may be transduced via RasGAP. 

 

One study specifically showed that an antibody directed against the SH3 domain of 

RasGAP could induce apoptosis in tumour cells, without affecting normal cells 

(Leblanc et al., 1999). It has been widely accepted for some time that the activation of 

“executioner” caspases by apoptotic signals is the irreversible step towards cell death, 

but new evidence suggests that cell fate varies depending on the level of caspase 

activation (Yang et al., 2004b; Yang and Widmann, 2002). RasGAP is targeted for 

cleavage by Caspase-3, but the initial N-terminal cleavage product, n-GAP, which 

contains the SH3 domain, inhibits apoptosis. Exogenous introduction of this peptide 

also inhibits apoptosis, while mutation of the cleavage site enhances the onset of 

apoptosis. It would appear that RasGAP is a caspase target which mediates a biphasic, 

protective response to apoptotic signals; it is first cleaved into n-GAP, which inhibits 

apoptosis, but upon increased Caspase-3 activity, is further degraded, enabling 

apoptosis to ensue (Yang et al., 2004a; Yang et al., 2004b).  
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The evidence suggests that RasGAP promotes cell survival by enhancing global gene 

transcription and translation downstream of Ras (Abdellatif et al., 1998). This appears 

to be mediated through activation of RNA polymerase II (RNA polII) (Lypowy et al., 

2005) and Protein kinase B (PKB)/Akt (Yang et al., 2005). It has been reported that 

G3BP1 plays a role in RasGAP activation of RNA polII via interactions with 

transcripts encoding for RNA polII kinases (further addressed below) (Lypowy et al., 

2005). Unlike RasGAP, G3BP1 KO does not affect the activation of Akt (Zekri et al., 

2005), although G3BP1 protein expression is specifically induced via the 

Phosphoinositol-3-kinase (PI3K) pathway, which activates Akt (Huang et al., 2005) 

(Figure 1.2). It is clear that RasGAP and G3BP physically and functionally intersect, 

but the direct consequences of RasGAP-G3BP interactions remain elusive.  

 

 
Figure 1.3 Schematic representation of G3BP-RasGAP interactions and their effects on gene 
expression. Activated Ras induces a global increase in gene expression via RasGAP induction of Akt 
and RNA polymerase II (RNA polII). G3BP1 may play a role in this process as it influences activation 
of RNA polII through interaction with the transcripts coding for RNA polII kinases (cdks). G3BP1 
expression is also upregulated by the activity of Phosphoinositol-3-kinase (PI3K), but it is not known 
how this may affect G3BP-RasGAP interactions. mTOR = Mammalian target of rapamycin. 4EBP = 
eukaryotic initiation factor 4E binding protein. S6K = ribosomal S6 kinase. The green “+” sign 
indicates activation or upregulation. 
 



Chapter 1                                                                                                                                  Introduction 

 18 

 1.3.4 G3BP and the regulation of gene expression 

 

G3BP RNA binding properties. The presence of an RRM and an RGG in G3BPs 

suggested they were RNA binding proteins. No direct G3BP2 RNA ligands have yet 

been identified, but RNA selection has been used to generate a putative list of G3BP1 

RNA ligands and a consensus RNA binding site (Tourriere et al., 2001). Individual 

G3BP1 RNA targets were subsequently identified serendipitously in RasGAP studies 

(Lypowy et al., 2005), and indirectly through analysis of altered gene expression in 

G3BP1 KO MEFs (Zekri et al., 2005). These targets include c-myc, cdk7, cdk9 and 

insulin-like growth factor II (IGF-II). Tau mRNA has also been isolated within a 

G3BP1 mRNP complex in neural cells (Atlas et al., 2004). Only cdk9 and IGF-II 

contain the consensus binding site. The evidence suggests that G3BP1 may influence 

gene expression in different ways, depending on the presence of particular sequence 

elements within specific target transcripts. Moreover, various studies have implicated 

G3BP in the regulation of gene expression at different levels of control, which seem 

to go beyond that which could be achieved through interaction with RNA alone. 

 

G3BP nuclear localisation. Although primarily cytoplasmic proteins, there have been 

various reports of nuclear localisation of G3BPs. Growth factor stimulation was not 

observed to alter G3BP1 localisation in murine fibroblasts (Gallouzi et al., 1998; 

Tourriere et al., 2001), but serum deprivation induced both an increase in 

phosphorylation at Ser 149, and the re-localisation of a fraction of total G3BP1 to the 

nucleus (Tourriere et al., 2001). Conversely, HER stimulation induced 

phosphorylation and nuclear localisation of G3BP1 in breast cancer cells (Barnes et 

al., 2002). Moreover, both G3BP1 and G3BP2 have been observed in the nuclear 

compartment of HeLa cells (Costa et al., 1999; Prigent et al., 2000). As described in 

the following chapter, cell-cycle dependent nuclear localisation of G3BP2 has also 

been shown to occur in murine fibroblasts, and nuclear localisation of the protein was 

observed in breast cancer tissue sections (French et al., 2002).  

 

While the NTF2 domain of G3BP2 is required for nuclear localisation of G3BP2, the 

RNA binding domain appears to mediate cytoplasmic retention of the protein (Prigent 

et al., 2000). This would suggest that G3BP2 may be anchored in the cytoplasm 

through association with RNA-containing complexes. Taken together with the fact 
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that both G3BP family members are predominantly localised to the cytoplasm, it 

appears likely that the majority of G3BP RNA-related activities are carried out in the 

cytoplasm. Nevertheless, G3BP can be induced to localise to the nucleus, so the 

protein is likely to display specific nuclear functions that may or may not relate to its 

ability to bind RNA. This highlights the possibility that G3BP proteins are involved in 

the integraton of different levels of gene regulation, similar to various hnRNPs, which 

shuttle between the cytoplasm and the nucleus, and exhibit diverse functions, ranging 

from splicing to RNA stabilisation/destabilisation (Shyu and Wilkinson, 2000).  

 

G3BP helicase activity. A clue as to G3BP function within the nucleus comes from 

the identification of G3BP1 as a novel DNA and RNA helicase. Human DNA 

helicase VIII (HDH VIII) was extracted from HeLa nuclear extracts and subsequently 

identified as G3BP1 (Costa et al., 1999). Helicases have been implicated in a range of 

processes that regulate gene expression, including DNA replication, repair and 

recombination, as well as transcription, translation and splicing (Delagoutte and von 

Hippel, 2003). G3BP1 displayed low efficiency, ATP-dependent unwinding of 

DNA/DNA, RNA/DNA and RNA/RNA duplexes (Costa et al., 1999). Although 

G3BP proteins do not contain canonical helicase domains, Nucleolin has also been 

classified as a novel helicase. Both G3BP and Nucleolin contain homologous RGG 

domains, so it is postulated that this region mediates non-canonical helicase activity 

(Costa et al., 1999). The helicase activity of G3BP has not been confirmed in vivo, but 

such activity may be pertinent to G3BP roles in both the cytoplasm and the nucleus.  

 

G3BP and transcription. A direct role for G3BP in transcription in the nucleus has 

been suggested. Barnes and co-authors (2002) showed that G3BP1 becomes hyper-

phosphorylated upon stimulation of breast cancer cells through the HER receptors, 

and that this leads to re-localisation of a sub-set of the total protein to the nucleus. A 

role for G3BP1 in transcription was inferred based on its co-localisation with 

acetylated Histone H3, which is a marker for sites of active transcription (Barnes et 

al., 2002). 

 

G3BP was later shown to induce in vitro transcription from a vaccinia virus promoter 

(Katsafanas and Moss, 2004). Vaccinia virus transcription is carried out in the 

cytoplasm and is separated into three stages: early, intermediate and late-stage. While 
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all factors required for early stage vaccinia virus transcription are virally encoded, 

cellular proteins are required for intermediate and late-stage transcription. G3BP1 was 

isolated from uninfected HeLa cells as part of a complex required for in vitro 

transcription from an intermediate stage promoter. This complex also contained 

Cytoplasmic Activation/Proliferation-associated protein (p137). Recombinant p137 or 

G3BP1 alone, or as a heterodimer, were each able to induce in vitro transcription. 

Both p137 and G3BP1 expression are related to cell proliferation, and so it was 

suggested that the requirement for cellular factors at intermediate stage transcription 

serves as a check-point control mechanism, preventing abortive viral replication in 

quiescent cells (Katsafanas and Moss, 2004).  

 

The third report of a role for G3BP in transcription directly relates to its ability to 

bind RNA in the cytoplasm. As described above, over-expression of RasGAP leads to 

an increase in global transcription, and this is accompanied by upregulation of the 

RNA polII kinase, Cdk7 (Abdellatif et al., 1998). Consistent with this, Lypowy and 

co-authors (2005) recently showed that RasGAP knockdown in cardiac myocytes 

results in downregulation of Cdk7, upregulation of Cdk9 and inhibition of cell 

growth. RasGAP was shown to mediate cellular growth through interaction with a 

cytoskeletal protein, FilaminC. In control cells, G3BP1 immunoprecipitated with cdk7 

and cdk9 mRNA, but disruption of the FilaminC-RasGAP interaction led to release of 

both transcripts from G3BP1. It was thus suggested that G3BP1 binding to cdk7 

mRNA stabilises the transcript, which leads to increased levels of Cdk7 protein. 

Conversely, cdk9 mRNA levels may be reduced by G3BP binding. The latter finding 

is supported by earlier data, which suggested that G3BP proteins may be 

endoribonucleases (Gallouzi et al., 1998; Irvine et al., 2004; Tourriere et al., 2001). 

 

Finally, G3BP2 has been shown to interact with the stress-induced transcription 

factor, Nuclear factor κB (NFκB). Conventional NF-κB is a heterodimeric 

transcription factor involved in upregulation of a range of immune, inflammatory and 

anti-apoptotic factors (May and Ghosh, 1998). In the cytoplasm, binding of the 

Inhibitor of NF-κB (IκBα) prevents nuclear translocation of NF-κB, while in the 

nucleus IκBα dissociates NF-κB from DNA and transports it back to the cytoplasm. 

In unstimulated cells, NF-κB remains inactive in the cytoplasm by association with 
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IκBα. On stimulation, IκBα becomes phosphorylated and subsequently 

polyubiquitinated and degraded in the proteasome. This allows NF-κB to translocate 

to the nucleus and upregulate the expression of a range of genes which promote cell 

survival. NF-κB also induces the expression of its inhibitor, IκBα. Upregulated IκBα 

translocates to the nucleus, and associates with NF-κB, transporting it back to the 

cytoplasm (Whiteside and Israel, 1997).  

 

The complex is retained in the cytoplasm, partly by masking of the NF-κB and IκBα 

nuclear import sequences (Whiteside and Israel, 1997). The N-terminal region of 

IκBα also contains a cytoplasmic retention sequence (CRS) which is recognised by 

G3BP2 (Prigent et al., 2000). Overexpression of G3BP2 promotes the cytoplasmic 

retention of both IκBα and IκBα/NF-κB complexes (Prigent et al., 2000). By binding 

the IκBα/NF-κB complex, G3BP2 would appear to co-operate with and enhance the 

inhibitory activity of IκBα on NF-κB. Conversely, by retaining IκBα in the 

cytoplasm, G3BP2 presumably allows NF-κB to remain active in the nucleus. The 

specific consequences of G3BP2 participation in NF-κB regulation remain unclear, 

but likely depend upon the particular cellular context and extra-cellular signals.  

 

G3BP and RNA stability. G3BP proteins appear to promote cellular proliferation and 

survival, and yet each protein also has the ability to degrade a c-myc substrate in vitro 

(Gallouzi et al., 1998; Irvine et al., 2004; Tourriere et al., 2001). This is paradoxical, 

because c-myc is an early response proto-oncogene and transcription factor, clearly 

implicated in tumorigenesis. In addition, G3BP1 overexpresssion positively correlates 

with c-Myc protein expression in tumours (Guitard et al., 2001). G3BP proteins do 

not contain an identifiable endoribonuclease domain, but phosphorylation at Ser 149 

has been shown to facilitate the degradation of a synthetic murine c-myc 3′UTR 

substrate in vitro (Gallouzi et al., 1998; Tourriere et al., 2001). This activity was 

dependent upon binding of G3BP to the synthetic substrate (Tourriere et al., 2001).  

 

Two lines of evidence indirectly suggest that the in vitro endoribonuclease activity of 

G3BP may translate to specific RNA decay in vivo. Firstly, RasGAP-/- MEFs harbour 

a phosphorylation deficient form of G3BP1, and also display delayed c-myc mRNA 

decay (Tourriere et al., 2001). Secondly, as described above, release of cdk9 mRNA 



Chapter 1                                                                                                                                  Introduction 

 22 

from G3BP leads to an increase in the level of Cdk9 protein. At the same time, cdk7 

mRNA release from G3BP1 coincides with a decrease in the level of Cdk7 protein 

(Lypowy et al., 2005). The stability of cdk7 and cdk9 was not examined in this study, 

but it is interesting that cdk9 contains the consensus binding sequence, while cdk7 

does not. Neither of these studies provided direct evidence of an in vivo role for G3BP 

proteins in mRNA stability or decay, but the data suggest that the consequences of 

G3BP RNA binding may vary depending on the specific ligand.  

 

G3BP and translation. G3BP1 protein expression has been shown to be specifically 

upregulated downstream of PI3K activation, which is involved in the generalised 

upregulation of protein translation (Huang et al., 2005). Furthermore, a specific role 

for G3BPs in translation is supported by the fact that both G3BP1 and G3BP2 have 

been purified as components of various mRNPs.  

 

The first evidence that G3BP2 may interact with RNA in vivo comes from the 

demonstration of its recruitment to actively translating mRNPs in neuronal synapses 

(Angenstein et al., 2002). Activation of Protein Kinase C β2 (PKCβ2) in vitro and in 

hippocampal slices led to redistribution of PKCβ2 and its receptor RACK-1 to the 

polysome fraction. At the polysome these proteins associated with polyA mRNA, 

PABP1 and G3BP2a in an mRNP complex. G3BP2a presence within the mRNP was 

shown to be RNA dependent (Angenstein et al., 2002). RACK-1 mediates the rapid 

re-distribution of PKC isoforms to various sub-cellular compartments in response to 

extra-cellular stimulation. Depending on the cellular context and specific isoform, 

PKC mediates alterations in cell proliferation, differentiation and cytoskeletal 

arrangement (Ciesielski-Treska et al., 1991). PKCβ2 was shown to mediate 

phosphorylation of various proteins within the mRNP (Angenstein et al., 2002). 

Although G3BP2a was not specifically identified as a PKCβ2 substrate in this study, 

the protein does contain a consensus PKC phosphorylation site (Irvine et al., 2004). 

These data indicate that G3BP2 may participate in signal-specific gene regulation via 

recruitment to specific mRNP complexes and phosphorylation-dependent activation. 

 

In another study, retinoic acid induced differentiation of P19 neuronal cells led to 

formation of a polysome-associated mRNP complex containing G3BP1, CRD-BP, 
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HuD and tau mRNA. The presence of G3BP1 in the complex was RNA dependent 

(Atlas et al., 2004). The composition of the tau mRNP altered as differentiation 

progressed, but G3BP1 was recruited in the early stages, suggesting it plays a role in 

mRNP assembly and subsequent regulation of gene expression. Tau is a microtubule- 

associated protein which effects neurite outgrowth and stability during differentiation 

(Avila et al., 2004). This data shows that like G3BP2, G3BP1 can be induced to re-

locate to the polysome as a member of an mRNP complex, which may facilitate 

signal-specific alterations in gene expression. The specific association with tau 

mRNA in an actively translating mRNP suggests a mechanism by which G3BP 

proteins may effect changes in cytoskeletal organisation, as observed in Drosophila 

(Pazman et al., 2000). The presence of CRD-BP in the mRNP complex highlights the 

possibility that G3BP may be involved in localised mRNA translation, since CRD-BP 

mediates the localisation of β-actin mRNA to the leading edge of migrating cells 

(Yaniv and Yisraeli, 2002). The recruitment of G3BP1 and RasGAP to sites of 

integrin cross-linking during filopodia formation in mammalian cells is also 

consistent with a role for G3BP in localised mRNA translation (Meng et al., 2004).  

 

Tourriere and co-authors (2003) showed that over-expression of a GFP-tagged 

version of G3BP1 led to spontaneous formation of cytoplasmic granules. Further 

investigations proved that these were SGs, translationally-silent sites of mRNA 

storage. Arsentie treatment led to both a reduction in the level of endogenous G3BP1 

phosphorylation at Ser 149, and recruitment of the protein to SGs. The absence of 

either the NTF2 domain or the RNA binding domain in recombinant GFP-fusion 

proteins strongly inhibited both the nucleation of spontaneous SGs, and localisation of 

the recombinant proteins to arsenite-induced SGs. It was also shown that a GFP-

tagged Ser 149 phosphomimetic mutant of G3BP1 was recruited to spontaneous SGs 

at a lower rate than its WT counterpart, but that both forms of the protein localised to 

SGs upon arsenite treatment. Activated Ras had previously been shown reduce 

phosphorylation of G3BP1 at Ser 149 (Gallouzi et al., 1998; Tourriere et al., 2001) 

and was also shown by Tourriere and co-authors (2003) to enhance the rate of SG 

formation (Tourriere et al., 2003). These data implicate G3BP1, downstream of Ras 

survival pathways, in the formation of SGs.   
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G3BP and ubiquitin. Various reports implicate G3BP in the regulation of protein 

ubiquitination. Although ubiquitination is traditionally known to target proteins for 

degradation at the proteasome, newer evidence suggests that ubiquitination is 

reversible, and much like phosphorylation, can stimulate a range of other effects, 

including appropriate protein function and localisation. Ubiquitin specific ligases and 

proteases stimulate addition and removal of ubiquitin chains, and as such, the 

appropriate regulation of these enzymes is necessary for the maintenance of cellular 

homeostasis (Schnell and Hicke, 2003). 

 

G3BP1 has been isolated as a member of a complex containing Ubiquitin specific 

protease 10 (USP10) in both mammalian and Saccharomyces cerevisiae  (yeast) cells. 

In mammalian cells, G3BP1 itself did not appear to be a substrate for USP10. Instead, 

the G3BP1-USP10 complex prevented the disassembly of ubiquitin chains from a 

synthetic substrate (Soncini et al., 2001). The yeast G3BP1 homologue, Bre5, also 

associates with the yeast USP10 homologue, Ubp3 (Cohen et al., 2003a). Contrary to 

results in mammalian cells, Bre5 is a required co-factor for Ubp3-induced de-

ubiquitination. This activity has been shown for at least three known substrates in 

vivo; COP-I (Cohen et al., 2003a), COP-II (Cohen et al., 2003b) and Atg19 (Baxter et 

al., 2005). The Bre5-Ubp3 complex also affects the ubiquitination status of TATA-

binding protein associated factors (TAFs) (Auty et al., 2004). The contradictory data 

obtained in the human and yeast systems have not been reconciled, but because the 

former study employed an artificial substrate, it has been suggested that G3BP1 acts 

in vivo to restrict de-ubiquitination to appropriate substrates (Cohen et al., 2003a).  

 

The Ubp3-Bre5 complex appears to facilitate various ubiquitin-related activities, 

depending on the substrate. COP-I and COP-II are proteins required for ER-Golgi 

retrograde and anterograde transport. De-ubiquitination of these proteins by the Ubp3-

Bre5 complex rescues them from degradation at the proteasome (Cohen et al., 2003a; 

Cohen et al., 2003b). This would appear to allow for maintenance and adaptation of 

secretion pathways, which in turn promotes cell growth and viability.  On the other 

hand, appropriate de-ubiquitination of Atg19, a factor required for cytoplasm-vacuole 

transport, may facilitate appropriate protein function rather than protein stability. 

Depletion of Bre5 or Ubp3 leads to accumulation of Atg19-ubiquitin complexes and 

decreased targeting of proteins to the vacuole (Baxter et al., 2005). The de-
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ubiquitinating activity of the Bre5-Ubp3 complex is unlikely to be restricted to 

transport proteins, because the ubiquitination of proteins involved in the regulation of 

transcription, TAFs, is also altered by Bre5 deletion (Auty et al., 2004).  

 

1.3.5 G3BP Summary 

 

Based on accumulated evidence obtained from a variety of cell systems, it would 

appear that G3BP proteins act as downstream effectors of various signal transduction 

pathways to effect changes in cytoskeletal organisation, cell survival, proliferation 

and differentiation. The mechanisms by which it may carry out its functions remain 

obscure, but it is would appear that the protein is capable of affecting gene expression 

at various levels of control. The degree to which RNA binding may impinge upon 

G3BP mechanisms of action and G3BP-mediated cellular outcomes is not clear. 

However, the concept that gene expression is co-ordinated at multiple levels by the 

same RNA cis and trans acting factors would suggest that RNA binding is at the core 

of G3BP function.  

 

1.4 Scope of the project 

 

Much of the information reviewed in this introduction was not available at the 

inception of this project. It was only beginning to emerge that RNA binding proteins 

play a central role in co-ordinating the different levels of gene regulation, and that 

each protein can exhibit various and sometimes opposing roles within the cell, 

depending on the context. It was clear that G3BP proteins contain RNA binding 

domains and are multi-functional. G3BP proteins had been shown to be over-

expressed in tumours, and G3BP1 was reported to promote cell cycle progression. 

The best clue as to G3BP’s role in tumorigenesis came from data that implicated the 

protein in the regulation of a specific proto-oncogene, c-myc. It was thus envisaged 

that further analysis of G3BP’s roles in RNA metabolism would reveal new 

information about the post-transcriptional mechanisms of tumorigenesis. 

 

To provide a platform from which to analyse G3BP functions in human 

carcinogenesis, G3BP1 and G3BP2 expression in human cells and tumours was first 

characterised. A clear paradox in the literature was G3BP’s ability to degrade a 
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synthetic c-myc substrate in vitro, while also being over-expressed with c-Myc protein 

in tumours. Therefore, the next step was to examine G3BP’s in vivo effects on gene 

expression, as mediated by particular cis elements. During the course of the project, 

G3BP1 was shown elsewhere to be recruited to SGs. Based on these findings, stress 

adaptation was chosen as the context for further analysis of both G3BP1 and G3BP2 

roles in RNA metabolism and tumorigenesis. Finally, it was clear that the unearthing 

of G3BP’s specific roles in the post-transcriptional regulation of stress adaptation and 

tumorigenesis would require the identification of novel RNA ligands. A pilot study 

was thus undertaken to address this goal. Overall, the results of experiments carried 

out to complete this thesis suggest novel roles for G3BP in RNA metabolism and shed 

new light on the intersection of pathways which regulate post-transcriptional 

regulation, stress adaptation and cell survival.  
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CHAPTER 2 

 

Characterisation of G3BP expression  

in human cells and breast cancer  
 

2.1 Introduction 

 

Before this project commenced, it had been shown by immunohistochemistry that 

G3BP2 was over-expressed in human breast cancer (n=34) (French, 2002), and two 

other groups had shown that G3BP1 was upregulated in various tumour types (Barnes 

et al., 2002; Guitard et al., 2001). The expression of several RNA binding proteins is 

deregulated during tumorigenesis (Avdulov et al., 2004; Sueoka et al., 1999; Yaniv 

and Yisraeli, 2002), and alterations in mRNA decay and translation, as mediated by 

RNA binding proteins (Stoecklin et al., 2003) and other factors (Mattick and 

Makunin, 2005), are emerging as important mechanisms of tumour formation and 

progression. The G3BP family of proteins interact with RNA and participate in a 

range of signalling pathways involved in cell proliferation and survival, including Ras 

signalling, NFκB signalling and the ubiquitin proteasome system (reviewed in Irvine 

et al., 2004) (also see Chapter 1). However, an unambiguous function for G3BP 

during tumorigenesis remains elusive.  

 

The G3BP family of proteins appear to be multi-functional, with gene- and/or 

isoform-specific activities. These activities may depend upon sub-cellular localisation 

and post-translational modification of the individual proteins, as dictated by cell type 

and environmental context. Exactly how G3BP may contribute to cancer formation or 

progression is unknown, and based on the data available when this research 

commenced, it was difficult to speculate whether G3BP may act to promote or to 

inhibit tumorigenesis. In particular, although G3BP1 had been shown to promote S-

phase entry (Guitard et al., 2001), and was over-expressed in various cancers (Barnes 

et al., 2002; Guitard et al., 2001), in vitro data suggested that G3BP1 was also an 

endoribonuclease with the ability to degrade c-myc mRNA, a transcription factor and 

proto-oncogene (Gallouzi et al., 1998; Tourriere et al., 2001). 
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Several RNA binding proteins, like G3BPs, are over-expressed in cancer tissue, with 

limited expression in normal tissue (Avdulov et al., 2004; Sueoka et al., 1999; Yaniv 

and Yisraeli, 2002). As such, RNA binding proteins in general, and more specifically, 

G3BPs, may be useful diagnostic markers for cancer, as well as possible targets for 

cancer therapy. Detailed examination of the function and normal tissue expression of 

such proteins is necessary before informed decisions can be made about the most 

appropriate protein targets for cancer therapy. In addition, study of the functional 

roles of RNA binding proteins over-expressed in cancer, such as G3BPs, may provide 

new information about the post-transcriptional mechanisms of tumorigenesis.  

 

Investigative approach and outcomes. This chapter reports the preliminary 

investigation of G3BP1 and G3BP2 expression in human breast cancer tissue and 

normal and cancer cell lines. Both proteins were over-expressed in breast cancer 

tissue and exhibited tissue-specific isoform expression and localisation. Hence, 

further investigations are required to determine which isoform/s should be considered 

as appropriate cancer therapy targets and diagnostic markers. Consistent with 

previous observations concerning G3BP1, the data presented in this chapter suggest 

that the diverse functions attributed to G3BP2 are facilitated by various post-

translational modifications and sub-cellular localisation.  

 

2.2 Materials and Methods 

 

2.2.1 Primers 

 

Underlined lower case shows restriction site (indicated in brackets) incorporated into 

the primers. 

G3BP2end - 5′ AGTTCACTTTGTCGTAGATAGTTTAAG 3′ 

326met - 5′ AATGGTTATGGAGAAGCCAGTC 3′ 

hG3BP#2 - 5′ GCTTCAGCGACGCTGTCCTGGAAGC 3′ 

Rin1metbam (BamHI) - 5′ AGCggatccGCAATGGTGATGGAGAAGCCTAG 3′ 

Rin2metbam (BamHI) - 5′ AGCggatccGAAATGGTTATGGAGAAGCCC 3′ 

Rin1stopspe (SpeI) - 5′ TCactagtGCCTGCCGTGGCGCAAGCCC 3′ 

Rin2stopspe (SpeI) - 5′ TCactagtGCGCGACCCTGTCCTGTGAAGCG 3′ 



Chapter 2                                                                                          Characterisation of G3BP expression 

 29 

2.2.2 Antibodies  

 

The polyclonal anti-G3BP2 antibody 576 was raised as previously described 

(Kennedy et al., 2001). The commercial monoclonal G3BP1 antibody (BD 

Transduction Laboratories) was used to monitor G3BP1 expression. The polyclonal 

antibody designated 115, which detects both G3BP1 and G3BP2a, was raised by 

Juliet French (University of Queensland) (French, 2002) in an unsuccessful attempt to 

produce a G3BP2a specific antibody, using the 33 amino acids spliced out of G3BP2b 

as antigen. The commercial monoclonal anti-Flag antibody (Sigma, M2) was used to 

monitor expression of recombinant Flag-tagged G3BP. Horseradish peroxidase 

(HRP)-conjugated secondary antibodies were sourced from BioRad or Sigma. 

Fluorescent secondary antibodies were sourced from Molecular Probes. 

 

2.2.3 Patients 

 

24 cases of invasive breast carcinoma diagnosed at the Department of Pathology, 

Royal Brisbane Hospital, between 1981 and 1990 were randomly selected for 

inclusion in this study.  Archival paraffin blocks were accessed subject to ethics 

approval from the Royal Brisbane Hospital and had been previously characterised as 

part of a larger study of MUC1 epithelial mucin expression (McGuckin et al., 1995).  

Histological classification and grading of the tumours was performed in accordance 

with the Nottingham modification of the Bloom and Richardson system (Elston and 

Ellis, 1990). Nodal status and oestrogen receptor  (ER) status, as determined by 

biochemical dextran-coated charcoal method, were obtained from clinical charts and 

pathology records.  

 

2.2.4 G3BP2 antibody specificity  

 

The specificity of the polyclonal G3BP2 antibody 576 was assessed by testing its 

ability to bind recombinant human full-length G3BP1, G3BP2a, G3BP2b, as well as 

truncated forms of G3BP2a.  Ampicillin plates were inoculated with E. coli 

transformed with pGEX vectors (Amersham Biosciences) containing four alternative 

truncations of G3BP2a (N1, N2, C1 and C2), as well as full-length G3BP1, 2a and 2b, 

as previously described by Kennedy and co-authors (2001). A single colony from 



Chapter 2                                                                                          Characterisation of G3BP expression 

 30 

each plate was used to inoculate 5 ml of Luria-Bertani (LB) broth (10g tryptone, 5g 

yeast extract, 10g NaCl per Litre) with ampicillin (100µg/ml), which was incubated at 

37°C overnight.  Isolation of the GST-fusion proteins was performed by glutathione 

sepharose affinity chromatography from isopropyl-beta-D-thiogalactopyranoside 

(IPTG)-induced cultures according to manufacturer's instructions (Amersham 

Biosciences).  Following elution with reduced glutathione, the solutions were spun at 

2000g for 5 min and the supernatant was dialysed against PBS. Purified recombinant 

G3BP1, G3BP2a, G3BP2b, and the four truncations of G3BP2a were resolved by 

12% SDS-PAGE and transferred to a Millipore Immobilon-P PVDF membrane and 

incubated with the anti-G3BP2 antibody.  Proteins were visualised by horseradish 

peroxidase (HRP) conjugated anti-rabbit antibodies using an ECL system (Amersham 

Biosciences). 

 

2.2.5 Cell extracts, SDS-PAGE and Western blotting 

 

The expression of both G3BP1 and G3BP2 in cell lines was examined by Western 

blot. Cells were sourced from the American Type Culture Collection unless otherwise 

indicated, and maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% foetal calf serum (FCS) and harvested by trypsinisation, 

washed twice with PBS and lysed in HNTG buffer (50mM Hepes, pH 7.5, 150mM 

NaCl, 1% Triton X-100, 10% glycerol, 1mM MgCl2, 1mM EGTA, 1mM Na3VO4, 

10mM Na4P2O7, 10mM NaF, 1mM PMSF and 1x mammalian protease inhibitor 

cocktail Sigma #P8340). Lysates were cleared by centrifugation at 15 000g for 10 min 

and the protein concentration was determined using the Pierce BCA Protein Assay. A 

total of 50-100 µg of protein diluted 1:1 in 2x sample buffer (65mM Tris-Cl pH 6.8, 

2% SDS, 10% glycerol, 0.1% Bromophenol Blue, 100mM DTT) was resolved by 8% 

SDS-PAGE and transferred to an Immobilon-P PVDF membrane (Millipore) for 

Western analysis using the antibodies described above.  Proteins were visualised by 

HRP-conjugated anti-rabbit or mouse antibodies using an ECL system (Pierce). 

Images were obtained using the FujiFilm LAS-3000 and associated software. In an 

attempt to limit proteolysis, an alternative method for cell lysis was tested. Adherent 

cells were washed three times with PBS and then boiling lysis buffer (65 mM Tris-Cl 

pH 6.8, 2%w/v SDS) was immediately added. Cells were harvested by scraping and 
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samples were then boiled for 10 min. Resulting lysates were then treated as described 

above. To stain gels and membranes, they were immersed in staining solution (50% 

methanol, 10% acetic acid, 0.1% Coomassie brilliant blue) for 1 hour, then destained 

(5% methanol, 7% acetic acid). 

 

2.2.6 Immunohistochemistry of breast cancer sections 

 

Breast tumour sections (3-4µm) were affixed to adhesive slides and dried at 37°C 

overnight.  The sections were dewaxed and rehydrated through descending graded 

alcohols to deionised water using standard protocols.  Sections to be stained for 

G3BP1 were subjected to antigen heat retrieval by autoclaving at 120°C for 20 min in 

1mM EDTA, pH 8.0. G3BP2 samples were subjected to antigen heat retrieval by 

boiling in 0.1M Tris-Cl, pH 9.0-9.2, for 5 min in a microwave, and repeating the 

process using fresh buffer.  All sections were allowed to cool to room temperature 

(20-30 min) and then washed in 25mM Tris buffered saline, pH 7.4 (TBS).  

Endogenous peroxidase activity was blocked by incubating the sections in 1.0% 

H2O2, 0.1% NaN3 in TBS for 10 minutes.  Sections were washed in TBS and 

subsequently incubated in 4% skim milk powder in TBS for 15 min.  Sections were 

rinsed briefly in TBS and then incubated with 10% normal goat serum (NGS) in TBS 

for 20 minutes in a humidified chamber.  Excess NGS was decanted and primary 

antibody (or TBS as negative control) was applied overnight at room temperature.  

Sections were washed in TBS and then incubated with secondary HRP-conjugated 

antibody (DAKO, EnVision Kit) for 45 min.  Sections were washed in TBS and 

colour was developed in 3,3′-diaminobenzidine (DAB) with H2O2 as substrate. 

Sections were washed in gently running tap water then lightly counterstained in 

Mayers’ haemotoxylin, dehydrated through ascending graded alcohols, cleared in 

xylene, and mounted in DPX mounting medium.   

 

2.2.7 Cell cycle synchronisation of cultured cells   

 

Cell cycle synchronisation of cultured cells was performed using the serum 

deprivation method (Tobey et al., 1988).  Cells were seeded onto coverslips at sub-

confluent density in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% 
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FCS. Following 24 hours, the cells were washed 3 times with PBS and serum-free 

media was added back to the cultures and left for 24 hours. The serum-free media was 

then replaced with media containing 10% FCS.  Coverslips were removed from the 

media during serum starvation, and at intervals following serum restimulation.  The 

coverslips were then processed for immunofluorescence to examine the expression of 

G3BP. 

 

2.2.8 Immunofluorescence of cultured cells  

 

Cells, including primary human fibroblasts kindly provided by Denis Crane (Griffith 

University, Brisbane) and MDA-MBA435 human breast cancer cells (kindly provided 

by Michael Walsh, University of Queensland, Brisbane) were grown on coverslips 

until approximately 40-70% confluent, then washed 3 x 2 min with PBS and dried 

overnight at room temperature.  For use of antibodies specific for endogenous G3BPs, 

cells were fixed with 100% cold methanol for 5 min, allowed to dry, then rehydrated 

by washing the coverslips with PBS 3 x 5 min.  Alternatively, for use of the mouse 

anti-Flag antibody cells were fixed with 4% paraformaldehyde for 30 min then rinsed 

twice with PBS. To reduce background staining of paraformaldehyde fixed samples, 

the cells were then incubated in 50mM glycine for 10 min and again rinsed with PBS. 

The cells were then permeablised by incubation in 0.25% TritonX-100 for 10 min. 

Coverslips were then rinsed twice with PBS and blocked with 1% NGS/2% Bovine 

serum albumin (BSA) or 3% BSA (for the anti-Flag antibody) for 30 min. Primary 

antibody, diluted to the appropriate concentration in PBS or 3% BSA (for the anti-

Flag antibody), was applied and left overnight at 4°C or for 90 min at room 

temperature (for the anti-Flag antibody).  The following morning the coverslips were 

washed 1 x 5 min in 0.1% Triton in PBS and then 4 x 5 min with PBS. Secondary 

antibody was then applied and incubated for 1 hour at room temperature.  The 

secondary antibody was anti-rabbit or anti-mouse IgG conjugated with either a 

fluoresceine or Texas-red fluorescent tag and was diluted in 0.1% Triton-X 100 in 

PBS at the dilution specified by the manufacturer.  The coverslips were then washed 2 

x 5 min in 0.1% Triton-X 100 in PBS followed by 2 x 5 min PBS.  Samples were 

counterstained with 300nM 4'-6-Diamidino-2-phenylindole (DAPI) (Molecular 

Probes) and then rinsed 2 x 5 min with PBS. Finally, coverslips were mounted onto 
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slides with 50% glycerol in 50 mM Tris-Cl pH 8.5 and sealed with nail polish.  Slides 

were visualised using an Olympus BX50 microscope and images were generated 

using V++ Image Analysis Software and Adobe Photoshop.   

 

2.2.9 Preparation of cDNA from cell lines 

 

Total RNA from approximately 5 x 105 cells from the human embryonic kidney cell 

line HEK293T or the SV40 transformed normal breast epithelial cell line (SVCT), 

kindly provided by Juliet French (University of Queensland, Brisbane), was purified 

using the NucleoSpin RNA II kit (Macherey-Nagel). In order to reduce interference of 

RNA secondary structure on the formation of cDNA, the reverse transcriptase, 

Thermoscript (Invitrogen) was used to generate cDNA at 65°C. Approximately 500ng 

of RNA was mixed with 50 pmoles oligo(dT) and 10 nmoles dNTP, brought up to 

volume with Ribonuclease (RNAse)-free dH2O and then incubated at 65°C for 5 min. 

The solution was briefly centrifuged and the appropriate volume of 5x cDNA 

synthesis buffer and RNAse-free dH2O were added along with 0.1 µmoles DTT, 0.04 

U RNAse OUT (Invitrogen cat#18021-014), 0.015U Thermoscript and incubated at 

65°C for 60 min. The reaction mix was heated to 85°C for 5 min to inactivate the 

reverse transcriptase and then RNAse H (2U) (Invitrogen cat#10777-019) was added 

and the solution was incubated at 37°C for 20 min to remove RNA. In order to enrich 

cDNA for G3BP2, both oligo(dT) and 10-20 pmoles of the primer G3BP2end (see 

Section 2.2.1), specific for the 3′UTR of G3BP2, were included in the first step of the 

reaction.  

 

2.2.10 PCR Amplification of G3BP2 cDNA 

 

To ensure that primer combinations and PCR conditions were specific for 

amplification of G3BP2 they were tested using approximately 100ng pGEX-G3BP1 

and -G3BP2 plasmids as templates.  Primers 326met and hG3BP#2 (see Section 

2.2.1), designed to amplify the full length G3BP2 coding sequence, were used in Taq 

(MBI Fermentas) PCR reactions with annealing temperatures varying from 55-65°C.  

An annealing temperature of 65°C was required for amplification of G3BP2, and was 

therefore used in all future experiments. The final PCR parameters involved a pre-
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amplification cycle of 4 min at 94°C followed by 30 thermal cycles including 

denaturation at 94°C for 45 sec, annealing at 65°C for 1 min and extension at 72°C 

for 2 min with a final extension at 72°C for 10 min. A total of 1.0µl Thermoscript 

cDNA per 25µl PCR reaction was used as template to amplify G3BP2 sourced from 

SVCT or HEK293T cells.  

 

2.2.11 Cloning of PCR products into the pGEM-T easy vector 

 

PCR amplification products were directly cloned into the pGEM-T Easy Vector 

System I (Promega), which is a linear vector with several thymidine residues at the 3′ 

end. Taq polymerase adds an adenosine onto the 3′-end of PCR products, allowing 

these amplicons to be cloned directly into the pGEM-T vector. Ligation products were 

used to transform competent DH5′α E. Coli cells which were then plated onto LB-

Agar with ampicillin (100µg/ml) supplemented with 80µg/µl X-galactose and 0.5mM 

isopropyl-beta-D-thiogalactopyranoside (IPTG). Successful cloning interrupts the 

lacZ coding sequence and thereby prevents IPTG-induced production of β-

galactosidase. Without β-galactosidase, there is no metabolism of X-galactose and 

hence, no white-blue colour conversion. Therefore, positive colonies are white unless 

the amplification product is inserted in-frame with lacZ and generates a functional 

fusion protein. White colonies were selected for screening by PCR with the same 

primers used for the initial amplification from cDNA. Clones were prepared and 

sequenced according to manufacturer’s instructions, using an Applied Biosystems 

377-96 DNA Sequencer with Applied Biosystems BigDye(TM) Terminator Cycle 

Sequencing. 

  

2.2.12 Sub-cloning of G3BP into inducible mammalian expression constructs 

 

G3BP was sub-cloned from pGEX vectors (Amersham Biosciences) (Kennedy et al., 

2001) into an inducible expression vector pEGSH (Stratagene). Vectors were purified 

with Qiagen miniprep kits. Primers Rin1 metbam and Rin2 metbam (see Section 

2.2.1) were designed to insert a BamHI site at the 5′-end of the G3BP1 and G3BP2 

coding sequences respectively, while Rin1stopspe and Rin2stopspe (see Section 

2.2.1) were designed to insert a SpeI site at the 3′-end of G3BP1 and G3BP2 
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respectively. G3BP coding sequences were thus amplified from pGEX vectors by 

PCR using high fidelity DNA polymerase, Pfu (Stratagene). Pre-amplification 

denaturation was achieved with an incubation of 2 min at 94°C followed by 25 

thermal cycles including denaturation at 94°C for 30 sec, annealing at 65°C for 30 sec 

and extension at 72°C for 90 sec, with a final extension at 72°C for 7 min. A total of 

50-100ng of template DNA was required for successful amplification of G3BP, as 

determined by agarose gel electrophoresis, in a 50µl reaction containing 2.5U Pfu. 

PCR products were purified with a PCR purification kit (Qiagen) and along with the 

vector, pEGSH, subjected to a double digest with BamHI and SpeI. Digested 

fragments were separated by agarose gel electrophoresis and isolated by gel 

purification (Qiagen). Digested insert and plasmid were ligated with T4 Ligase 

(Invitrogen), transformed into competent DH5′α E. Coli and plated onto LB-agar with 

ampicillin (100µg/ml). Colonies were isolated and subjected to PCR screening using 

pEGSH-specific primers as provided by Stratagene. Positive clones were selected and 

insert integrity was confirmed by DNA sequencing as per Section 2.2.11. 

 

2.2.13 Transient transfection of human HEK293 cells with inducible Flag-tagged 

G3BP constructs 

 

Approximately 3.0 x 105 cells were plated into each well of a 6-well plate containing 

glass coverslips for post-transfection immunofluorescence. Alternatively, 7.8 x 105 

cells were plated onto T-25 tissue culture flasks for subsequent analysis by Western 

blot. For transfection of HEK293T cells in 6-well plates, 0.5µg of each vector, 

pEGSH-G3BP, pERV (and GFP when needed to assess transfection efficiency), 

purified using a Qiagen midiprep kit, were used with 3µl of Lipofectamine 2000 

(Invitrogen) per µg of vector DNA according to manufacturer’s instructions.  For the 

cell line ER293 (Stratagene, see Section 2.2.14 for further explanation), stably 

transfected with the pERV vector, only pEGSH (and GFP when indicated) was used 

for transfection. The quantity of vector DNA used to transfect cells changed 

proportionately with the size of the cell culture flask. 24 hours following transfection, 

expression of Flag-tagged G3BP was induced by addition of Ponasterone A (PonA) to 

a final concentration of 7.5 µM. Cells were harvested for subsequent analysis after 

another 16-20 hours using G3BP or Flag specific antibodies. 
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2.2.14 Stable transfection of human ER293 cells with inducible Flag-tagged G3BP 

constructs 

 

Prior to the production of stable transfectants, ER293 cells (Stratagene), which were 

provided as pERV stable transfectants and maintained in DMEM media containing 

300 µg/ml Geneticin (Gibco), were subjected to transient transfection by the 

technique described in Section 2.2.13. Once induction of expression was confirmed 

by Western blot using the anti-Flag antibody, fresh ER293 cells were once again 

transfected with pEGSH-G3BP1, 2a or 2b constructs as described in Section 2.2.13. 

Following incubation for 24 hours, geneticin was added back into the medium and 

after another 24 hours, transfected cells were transferred by trypsinisation into 

130mm petri dishes in DMEM containing 300µg/ml geneticin and 125µg/ml 

hygromycin (Invitrogen).  

 

Fresh media was applied every few days. Within three weeks distinct colonies of 

surviving cells, presumably stable transfectants, were observed. Isolation of stably 

transfected clones was performed using a previously published technique (Karin, 

1999). In brief, cells were twice rinsed then submerged in PBS containing magnesium 

and calcium (for improved cell adherence). Colonies were harvested using a 200µl tip 

and a scraping motion. To disperse the cells they were placed in a well of a 24 well 

plate containing trypsin for 5 min. Cells were aspirated to assist dispersion and then 

DMEM containing geneticin and hygromycin was added to the well. Fresh media was 

placed on the wells after 24 hours. G3BP clones were labelled 64, 74 and 7 (for 

G3BP1, 2a and 2b respectively): x (for the well number). Once cells were 80% 

confluent they were plated onto a single T-25 flask and subsequently frozen according 

to manufacturer’s instructions. Expression was induced by addition of PonA (7.5 

µM). Successful induction of expression was assessed by Western blot. 

 

2.2.15 Preparation of kinase-rich rat brain extract 

 

The protocol for preparation of kinase-rich rat brain extract was adapted from 

previously published methods (O'Brian et al., 1989; Walton et al., 1987). A 0.4 gram 

slice of rat brain (kindly provided by Alan Mackay-Sim, Griffith University, 
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Brisbane) was thawed and chopped into small pieces, 5mm x 5mm, then homogenised 

by 50 strokes in a dounce homogeniser lined with homogenisation buffer (20 mM 

Tris-Cl pH 7.6, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 

100 mM glycerol, 0.1% TritonX 100, 5mM DTT, 1mM PMSF and 4% Sigma 

mammalian protease inhibitor cocktail). Lysate was rocked for one hour on ice then 

spun at >15000g for 10 min. The supernatant was separated into two fractions, one to 

remain as total cell lysate (T) and the other to undergo further purification by anion-

exchange chromatography (E) to enrich for Protein kinase C (PKC). Pre-swollen 

Diethyl aminoethyl (DEAE)-cellulose beads (Sigma) were washed twice with 1M 

Tris-Cl pH 7.6 and then twice with 20mM Tris-Cl pH 7.6 and then incubated for 30 

min on ice with rocking in homogenisation buffer lacking Triton-X (solution 2). The 

beads were spun at 2000g for 5 min and the supernatant was removed. Total cell 

lysate was added to the equilibrated beads and mixed by gentle inversion for 6 hours 

at 4°C. Unbound protein was removed from the beads with 3 x 2 min washes in 

solution 2. Bound protein was eluted with elution buffer, which was simply 

homogenisation buffer containing 0.2M NaCl instead of Triton-X. Samples were 

assessed for protein content using the Pierce BCA protein assay.  

 

2.2.16 Protein kinase C assay 

 

Phosphorylation of recombinant GST-G3BPs and GST alone (prepared as per Section 

2.2.4) was assessed through use of a PKC assay, which measures the incorporation of 

γ32P into the recombinant protein substrate. The method was adapted from previous 

publications (Vuori and Ruoslahti, 1993; Walton et al., 1987). The assay was 

performed in a buffer containing 20mM Tris-Cl pH 7.6, 10mM magnesium acetate, 

0.5mM calcium chloride, 0.5mM DTT, 0.05mM γ32P-ATP, 10µg of recombinant 

protein substrate in the presence of either: PKC activator, 300µg/ml phorbol 12-

myristate 13-acetate (PMA) and 60µg/ml phosphatidylserine (PS); or inhibitor, 50mM 

EDTA. Each 100µl reaction was given 10 min to equilibrate before addition of the 

kinase extract, either 20µg of total rat brain extract (T), partially purified rat brain 

extract (E), or water (N). Samples were incubated for 30 min at 30°C and the reaction 

was stopped by addition of SDS-sample buffer (see Section 2.2.5) following by 

boiling. Approximately 1.0µg of recombinant protein substrate was resolved by 8% 
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SDS-PAGE and transferred to an Immobilon-P PVDF membrane (Millipore). The 

membrane was subsequently exposed to AP Biotech Hyperfilm for 24 hours before 

developing. 

 

2.3 Results 

 

2.3.1 Antibodies used for immunohistochemistry were highly specific 

 

Before this project commenced, it had been shown that the mRNA of G3BP1 and 

G3BP2 is ubiquitously expressed in all mouse tissues, but the protein displays tissue-

specific expression (Kennedy et al., 2001). It was also found that the expression 

patterns shown by immunohistochemistry of mouse tissues matched that seen by 

Western blot, suggesting the antibodies were specific (Kennedy et al., 2001). In order 

to further assess antibody specificity and the expression of G3BPs in human cells, the 

breast cancer cell line MDA-MB435 and the cervical cancer cell line HeLa, were 

lysed and equal amounts of protein were resolved by SDS-PAGE. The samples were 

transferred to a membrane and analysed by Western blotting. The commercial 

monoclonal G3BP1 antibody was used to assess G3BP1 expression, while the 

polyclonal G3BP2 antibody was used to examine the expression of G3BP2 in these 

cell lines.  

 

It is apparent that both cell lines expressed high levels of G3BP1, present as a single 

distinct band, and G3BP2, present as two distinct bands, presumably representing two 

different isoforms (Fig. 2.1, Panel A). No significant cross-reactivity was observed in 

any cell line tested (a full blot showing the absence of cross-reactivity in COS7 

(Cercopithecus aethiops (monkey) kidney fibroblasts) cells is shown in Chapter 4, 

Fig. 4.1), but there was some variation between the relative masses of each of the 

proteins, and their apparent masses in human (and monkey) cells. According to MW 

data, G3BP2a should resolve at a point just above G3BP1, but the larger isoform of 

G3BP2 actually appeared just below G3BP1. The actual mass of a protein and its 

apparent mass as determined by SDS-PAGE often vary due to factors such as post-

translational modification. Nevertheless, antibody specificity was further assessed.  
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Figure 2.1 Illustration of G3BP2 antibody specificity.  The breast cancer cell line MDA-MB435 and 
the cervical cancer cell line HeLa were lysed and the protein was resolved by SDS-PAGE. A) The 
samples were transferred to a membrane and probed with either the polyclonal G3BP2 antibody or the 
commercial G3BP1 antibody. B) Purified recombinant G2BP2b, G3BP1 and G3BP2a were resolved by 
SDS-PAGE along with four different truncations of G3BP2a, N1, C1, C2 and N2.  These samples were 
transferred to a membrane and probed with the G3BP2 antibody. C) A schematic representation of 
G3BP2a and the recombinant G3BP2a truncations (N1, N2, C1, C2), indicating the region in which the 
G3BP2 polyclonal antibody binds. 
 

The G3BP2 antibody was tested against several different truncated forms of 

recombinant human G3BP2 in order to further investigate its specificity. The anti-

G3BP2 antibody specifically bound to recombinant G3BP2a and G3BP2b but not to 

G3BP1 (Fig. 2.1, Panel B). The antibody also bound two of the recombinant G3BP2a 

truncations (C1 and N2) but it did not bind the short N-terminal or C-terminal 

truncations (N1 and C2). This indicated that the region to which the antibody binds is 

the central domain (Fig. 2.1, Panel C). The G3BP2 antibody was specific for G3BP2a 

and 2b, and epitope-mapped to the central region of the protein. Despite excessively 

high protein loads (3 µg of recombinant protein per lane), the antibody did not cross-

react with G3BP1 or the shorter of the G3BP2 N-terminal (N1) or C-terminal (C2) 

truncations.  
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2.3.2 G3BP1 and G3BP2 are over-expressed in human breast tumours 

 

The antibodies assessed in the previous section were used to examine the expression 

of G3BP1 in 24 breast tumour cases. Of these, 22 sections were infiltrating ductal 

carcinomas (IDC) or ductal carcinoma in situ (DCIS) and two were cases of 

infiltrating lobular carcinoma (ILC). All sections were stained using 

immunohistochemistry and counterstained with haematoxylin, which stains nuclei 

blue. The expression of G3BP1 was visualised using secondary antibodies labelled 

with HRP, which reacts with substrate to produce a brown colour.  
 

 
 

Figure 2.2 Immunohistochemical staining of breast tumour sections with an antibody specific for 
G3BP1. G3BP1 staining was visualised with HRP-labelled secondary antibodies and substrate (brown 
colour) and sections were counterstained with haematoxylin (blue colour). Panel A shows G3BP1 
stained normal ducts (ND) adjacent to ductal carcinoma in situ (DCIS). Panels B and C show G3BP1 
stained infiltrating ductal carcinoma (IDC), and Panel D shows G3BP1 stained DCIS with surrounding 
connective tissue (CT). G3BP1 expression is evident in normal tissue, but appears to be more 
prominent in tumour cells. Note the heterogeneous nature of the staining indicated by the arrows in 
Panel C, and the nuclear localization indicated by the red arrows in Panel D. The size bar represents 
100µm. 
 

Most normal cells exhibited detectable cytoplasmic expression of G3BP1. Two 

normal ducts (ND) are shown in Fig. 2.2, Panel A, and cytoplasmic expression of 

G3BP1 is apparent, as seen by the distinct brown staining. The adjacent DCIS 

expressed higher levels of G3BP1. G3BP1 staining was also evident in the IDC 

sections shown in Fig. 2.2, Panel B and C, but the adjacent connective tissue (CT) did 
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not express G3BP1 at detectable levels. The tumour cells in Fig. 2.2, Panels B (IDC), 

C (IDC) and D (DCIS) appeared to express higher levels of G3BP1 in the cytoplasm 

as compared to that seen in the normal ducts of Panel A.  In many cases tumour 

staining was heterogeneous and in some cases G3BP1 appeared to localise more 

prominently to one side of the cell. This can be seen quite clearly in some of the 

tumour cells in Fig. 2.2, Panel C, and is indicated by the arrows. There was no nuclear 

staining present in any normal cells, although two of the 24 tumour cases contained 

nuclear staining in less than 10% of tumour cells (Fig. 2.2, Panel D, red arrows).  

 
Table 2.1 Expression of G3BP1 in 24 breast tumour sections.  DCIS = ductal carcinoma in situ, 
LCIS = lobular carcinoma in situ, ILC = infiltrating lobular carcinoma.  Grade is assigned according to 
a range of factors - a well differentiated tumour is generally assigned a grade 1 while a poorly 
differentiated tumour is assigned a grade 3.  ER = oestrogen receptor status.  Node status refers to the 
presence (+) or absence (-) of tumour in the lymph nodes.  NG = not graded.  ND = not determined.  
The column labelled cytoplasm indicates the level of expression of G3BP1 in the cytoplasm of cells 
(1+ = low, 2+ = medium, 3+ = high).  Unless stated otherwise, staining was present in greater than 75% 
of cell population.  The column labelled ‘nucleus’ indicates the presence (+) or absence (-) of G3BP1 
in the nucleus of cells. 

G3BP-1 
Tumour Tissue Normal Tissue Histological type 

and (grade) 
Node 
status 

ER 
Tumour
Case 
number 

Cytoplasm Nucleus Cytoplasm Nucleus    
1 2+ - Not Present IDC (2) ND + 
2 2+ - Not Present ILC and LCIS (2) + - 
3 2+ - 1+ - IDC (3) + + 
4 1-2+ - Not Present IDC (2) ND ND 
5 2-3+ - 1-2+ - IDC and DCIS (NG) - ND 
6 2-3+ - 1-2+ - IDC and DCIS (2) + - 
7 2-3+ - Not Present IDC (NG) + - 
8 2+ - 1+ - ILC (2) + + 
9 2-3+ - 1-2+ - IDC and DCIS (1) - + 
10 3+ - 1-2+ - IDC and DCIS (3) + - 
11 3+ - 1+ - IDC and DCIS (2) + ND 
12 2+ - 1+ - IDC and DCIS (2) ND + 
13 3+ <10% 3+ 1-2+ - IDC (3) - - 
14 2+ - 1+ - IDC and DCIS (3) + - 
15 3+ - 1+ - IDC (2) + + 
16 2-3+ - 1+ - IDC (3) - - 
17 2-3+ - 1-2+ - IDC (3) + ND 
18 2-3+ <10% 3+ 1-2+ - IDC (3) + - 
19 2+ - Not Present IDC (3) - - 
20 3+ - 1-2+ - IDC and DCIS (1) + + 
21 1-2+ - Not Present IDC (3) - ND 
22 2+ - 1+ - IDC and DCIS (3) + - 
23 2-3+ - 1-2+ - IDC (1) - + 
24 2-3+ - Not Present IDC(1) + + 

 

Table 2.1 lists the results of all breast tumours examined for G3BP1 expression. Also 

listed is the available information on each of the breast tumours including its 

oestrogen receptor status, the grade of the tumour, and tumour stage. In summary, 

most normal breast cells expressed G3BP1, but all of the tumours examined appeared 

to over-express G3BP1 to some extent. No significant relationship was found between 
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G3BP1 over-expression and clinicopathological parameters of breast cancer such as 

lymph node involvement, hormone receptor status or nuclear or histological grade.  

 

The same 24 breast tumour cases stained for G3BP1 were also examined for altered 

G3BP2 expression by immunohistochemistry, to supplement the 34 cases studied by 

another member of the laboratory, Juliet French (French, 2002). As with G3BP1, all 

sections were counterstained with haematoxylin and the expression of G3BP2 was 

visualised using HRP-labelled secondary antibodies (Figs 2.3 and 2.4). Unlike that 

seen for G3BP1, the immunohistochemistry showed either low or undetectable 

expression of G3BP2 in normal lobes of the breast, including the lobular and ductal 

epithelium and surrounding connective tissue (Fig. 2.3, Panel A).   

 

 
 
Figure 2.3 Immunohistochemical staining of breast tumour sections with an antibody specific for 
G3BP2. G3BP2 staining was visualised using HRP-labelled antibodies and substrate (brown colour) 
and sections were counterstained with haematoxylin (blue colour). Panel A shows undetectable levels 
of G3BP2 in normal ducts (ND) and connective tissue (CT). Panel B shows high levels of G3BP2 in 
the infiltrating ductal carcinoma (IDC) from the same breast section shown in Panel A. The size bar 
represents 100µm. 
 

Immunohistochemistry revealed that G3BP2 was over-expressed in breast tumours.  

Fig. 2.3, Panel A shows the normal tissue adjacent to the IDC presented in Panel B. 

As visualised by the brown staining, G3BP2 was highly expressed in the tumour but 

not expressed in the normal ducts. Table 2.2 lists the results of all breast tumours 

examined for G3BP2 expression. Also listed is the available information on each of 

the breast tumours including its oestrogen receptor status, tumour grade and stage.  In 

summary, 88% of all tumours examined, including those examined by Juliet French 

(French, 2002), over-expressed G3BP2 and no correlation was found between G3BP2 

over-expression and clinicopathological parameters of breast cancer such as stage, 

hormone receptor status or nuclear or histological grade. 
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Table 2.2 Expression of G3BP2 in 24 breast tumour sections.  DCIS = ductal carcinoma in situ, 
LCIS = lobular carcinoma in situ, ILC = infiltrating lobular carcinoma.  Grade is assigned according to 
a range of factors - a well differentiated tumour is generally assigned a grade 1 while a poorly 
differentiated tumour is assigned a grade 3.  ER = oestrogen receptor status.  Node status refers to the 
presence (+) or absence (-) of tumour in the lymph nodes.  NG = not graded.  ND = not determined.  
The column labelled cytoplasm indicates the level of expression of G3BP2 in the cytoplasm of cells 
(1+ = low, 2+ = medium, 3+ = high).  Unless stated otherwise, staining was present in greater than 75% 
of cell population.  The column labelled nucleus indicates the presence (+) or absence (-) of G3BP2 in 
the nucleus of cancer cells. 

G3BP2 
Tumour Tissue Normal Tissue Histological type 

and (grade) 
Node 
status 

ER 
Tumour
Case 
number 

Cytoplasm Nucleus Cytoplasm Nucleus    
1 3+ <10% 2+ Not present IDC (2) ND + 
2 1+ <10% 3+ Not present ILC and LCIS (2) + - 
3 2+ 3+ 1+ - IDC (3) + + 
4 2+ <25% 2+ Not present IDC (2) ND ND 
5 2+ - Not present IDC and DCIS (NG) - ND 
6 2+ 25-50% 3+ 50-75% 1+ - IDC and DCIS (2) + - 
7 25-50% 1+ - - - IDC (NG) + - 
8 1+ <25% 1+ - - ILC (2) + + 
9 3+ 3+ - - IDC and DCIS (1) - + 
10 2+ <10% 2+ 1+ - IDC and DCIS (3) + - 
11 2+ 25-50% 3+ 1+ - IDC and DCIS (2) + ND 
12 2+ <10% 2+ Not present IDC and DCIS (2) ND + 
13 2+ <25% 2+ 1+ >10% 1+ IDC (3) - - 
14 1+ <10% 3+ Not present IDC and DCIS (3) + - 
15 2-3+ - - - IDC (2) + + 
16 1+ - - - IDC (3) - - 
17 3+ <10% 1+ - - IDC (3) + ND 
18 2+ 25-50% 2+ 1+ - IDC (3) + - 
19 3+ <10% 3+ Not present IDC (3) - - 
20 1+ - 50-75% 1+ - IDC and DCIS (1) + + 
21 2+ <25% 2+ Not present IDC (3) - ND 
22 2+ <25% 2+ Not present IDC and DCIS (3) + - 
23 2+ 50-75% 2+ Not present IDC (1) - + 

 

In the majority of human breast tumours that were screened, G3BP2 was over-

expressed and in many cases showed distinct nuclear or perinuclear localisation (Fig. 

2.4). This results, along with those of Juliet French (French, 2002), are the first to 

show nuclear localisation of G3BP2 in situ. Approximately 50% of all tumours that 

expressed G3BP2 had G3BP2 in the nucleus or at the nuclear membrane, although it 

should be noted that low G3BP2 nuclear staining may have been masked by the 

haematoxylin counterstain. As shown in Fig. 2.4, the nuclear staining of G3BP2 

varied between cases. Some cases had G3BP2 in the nucleus (pink arrow) or at the 

nuclear membrane (green arrow) in all cells (Fig 2.4, Panel A). Other tumours 

presented with nuclear staining in only a small portion of total cells (Fig 2.4, Panels B 

and C). In tumours with nuclear G3BP2, parallel cytoplasmic staining ranged from 

very high (Fig. 2.4, Panel B, blue arrow) to very low (Fig. 2.4, Panel C, blue arrow). 

G3BP2 nuclear localisation did not correlate with the grade of the tumour or level of 

metastasis.   
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Figure 2.4 Observation of nuclear localisation of G3BP2 in human breast tumour sections using 
immunohistochemical staining. G3BP2 staining was visualised with HRP and substrate (brown 
colour) and sections were counterstained with haematoxylin (blue colour). Panels A, B and C show 
different patterns of nuclear localisation of G3BP2 in three separate cases of infiltrating ductal 
carcinoma (IDC) and surrounding connective tissue (CT). Green arrows indicate perinuclear staining, 
pink arrows indicate nuclear staining, and blue arrows indicate cytoplasmic staining. The bar represents 
100µm. 
 

In conclusion, a total of 58 breast tumours were examined for altered G3BP2 

expression; 88% were shown to express G3BP2, and of these, G3BP2 was found in 

the nucleus of 50% of tumours, and these results have since been published (French et 

al., 2002). As with G3BP1, no correlation was found between G3BP2 expression in 

breast cancer and clinicopathological parameters. G3BP2 over-expression in breast 

cancer is more distinct than that of G3BP1 because G3BP1 was expressed in normal 

breast tissue while G3BP2 was not. 

 

2.3.3 Localisation of G3BP2 in NIH3T3 cells is cell cycle regulated 

 

The immunohistochemistry of human breast cancers revealed that G3BP2 localises to 

the nucleus and possibly to the nuclear membrane of cells. As cancer cells are 

undergoing rapid cell proliferation it was hypothesised that the localisation of G3BP2 

is cell cycle dependent. NIH3T3 cells were previously synchronised and the 

localisation of G3BP2 was examined by immunofluoresence at different stages of the 
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cell cycle (French, 2002). During serum starvation (G0 quiescence) G3BP2 localised 

to the cytoplasm but by 5 hours after serum stimulation G3BP2 was predominantly 

found in the nucleus (French, 2002). It was sought to confirm this data and then to 

investigate G3BP expression in human cells.  

 

Using immunofluorescence, G3BP2 localisation was confirmed to be cytoplasmic in 

serum starved NIH3T3 cells (Fig. 2.5, Panel A). The protein remained in the 

cytoplasm 2 hours following serum stimulation (Fig. 2.5, Panel B). After 5 hours of 

serum stimulation (Fig. 2.5, Panels C and D) G3BP2 was observed in the nucleus of 

all cells. G3BP2 was thus confirmed to shuttle between the nucleus and the cytoplasm 

of proliferating murine fibroblasts as the cell cycle progresses. 

 

 
 
Figure 2.5 Immunofluorescence of synchronised NIH3T3 cells using a G3BP2 specific antibody. 
Cells were synchronised by serum starvation and subsequently induced to enter the cell cycle by serum 
stimulation. Cells were stained for G3BP2, using immunofluorescence, at several time intervals 
following serum starvation. Panel A shows the sub-cellular localization of G3BP2 in serum-starved 
cells (red). The time after serum stimulation and hence cell cycle commencement is 2, 5 and 5 h for 
Panels B, C and D respectively (Panels C and D show G3BP2 and DAPI staining, respectively, in the 
same cell). The secondary antibody was a Texas-Red conjugate and DAPI was used to counterstain cell 
nuclei (blue). Size bar represents 25µm. 
 

Attempts to show the same phenomenon in human embryonic kidney (HEK293T) 

cells were unsuccessful (data not shown). This may have been due to factors such as 

unsuccessful synchronisation by serum starvation, or other cell line specific 
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variations. Cell cycle dependent re-localisation of G3BP2 may occur in breast cancer 

cells in situ, but for various reasons this phenomenon can only be replicated in certain 

cell lines.  

 

2.3.4 G3BP localisation in human cell lines  

 

The same primary antibodies used to detect G3BPs in human breast sections were 

used for indirect immunofluorescence of a range of human cell lines. G3BP1 

localisation was observed to be predominantly cytoplasmic in various cell lines, 

including MCF7 and HeLa cells (Fig. 2.6, Panel A), as well as COS7 cells (not 

shown). These results are consistent with the literature (Barnes et al., 2002; Parker et 

al., 1996; Tourriere et al., 2003; Tourriere et al., 2001) and with those obtained using 

immunohistochemistry; however, the punctate staining occasionally present in breast 

cancer tissue was not observed in these cell lines. Although G3BP2 localised 

primarily to the cytoplasm, perinuclear staining was also observed in many cells (Fig. 

2.6, Panel B). This is most obvious for COS7 and HeLa (human cervical cancer) cells, 

where the DAPI and Texas-red overlay shows a bright pink staining, particularly near 

the nuclear membrane of a number of cells.  

 

The preceding data support the notion that G3BP2 is a protein that may shuttle 

between the cytoplasmic and nuclear compartments of the cell, and that its function is 

potentially different from that of G3BP1, which is predominantly a cytoplasmic 

protein. However, it is clear that sub-cellular localisation of G3BP2 differs in various 

cell types. Two isoforms of G3BP2 have been identified (Kennedy et al., 2001), and a 

third isoform has been cited (French, 2000). Moreover, isoform-specific expression 

patterns of the protein have been observed in mouse tissue (Kennedy et al., 2001). 

Taken together, the data suggest that the expression of different isoforms in cell lines 

may account for the various localisation patterns observed. Therefore, further analysis 

of G3BP1 and G3BP2 isoform expression in various cell lines was undertaken. 
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Figure 2.6 Observation of endogenous G3BP localisation in a range of human cell lines by 
immunofluorescence. A monoclonal G3BP1 antibody and a fluoresceine-labelled secondary antibody 
were used to detect G3BP1 (green), while the polyclonal anti-G3BP2 antibody in conjunction with a 
Texas-red-labelled secondary antibody were used to detect G3BP2 (red) by indirect 
immunofluorescence. Cell nuclei were counterstained with DAPI. A) G3BP1 staining in HeLa and 
MCF7 cells. Staining for G3BP1 is predominantly cytoplasmic in each of the cell lines shown, 
consistent with the literature. B) G3BP2 staining in MDA-MB435 breast cancer cells, HeLa cells, 
MCF7 cells and COS7 cells, as indicated. Perinuclear staining is evident in HeLa and COS7 cells. Size 
bar represents 25µm. 
 

2.3.5 G3BP is expressed in a range of human cell lines 

 

Previously, total protein lysates of normal adult mouse tissues had been examined by 

Western blot and it was found that the G3BP proteins are expressed in a tissue-

specific manner (Kennedy et al., 2001). In addition, as presented in this chapter, 
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G3BP2 is not expressed in normal human breast epithelium. Despite this, 

immunofluorescent analysis indicated the proteins were expressed in many cell lines.  

 

Western blot was used to further analyse the expression of G3BPs in a range of 

human cells. HEK293T and ER293 (Stratagene), the SV40 transformed normal breast 

epithelial cell line SVCT, the breast cancer cell line MDA-MB435 and the cervical 

cancer cell line HeLa, were lysed and the proteins were resolved by SDS-PAGE and 

subjected to Western blotting.  The commercial monoclonal G3BP1 antibody was 

used to assess G3BP1 expression, while the polyclonal G3BP2 antibody was used to 

examine the expression of G3BP2 in these cell lines.  

 

It is apparent that all cell lines (including those derived from normal breast 

epithelium) expressed significant levels of both G3BP1, present as a single distinct 

band, and G3BP2, present as two distinct bands, presumably representing two 

different isoforms (Fig. 2.7). The actual identity of these isoforms is addressed below, 

and in Section 2.3.6. COS7 cells, derived from monkey kidney fibroblasts, also 

expressed both G3BP1 and G3BP2 (not shown in this chapter. Refer to Chapter 4, 

Figs 4.1 and 4.6). 
 

 
Figure 2.7 Observation of expression of G3BPs in a range of human cell lines by Western blot.  
Total protein (50 µg/lane) from human embryonic kidney cell lines HEK293T and HEK-ER-293, the 
SV40 transformed normal breast epithelial cell line SVCT, the breast cancer cell line MDA-MB-435 
and the cervical cancer cell line HeLa (labeled 293T, ER293, SVCT, 435 and HeLa, respectively) were 
resolved by SDS-PAGE, transferred to a membrane and probed with either the polyclonal G3BP2 
antibody or the commercial G3BP1 antibody, as indicated. All cells expressed G3BP1 and two 
isoforms of G3BP2, the individual identities of which are addressed in the text.  
 

Further analysis was required to confidently identify the bands detected with the 

G3BP2 antibody. To minimise proteolysis during preparation of total cell lysates, 

cells were harvested by scraping in the presence of boiling lysis buffer containing 
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SDS. This technique also allowed for maximal inclusion of cell protein in the lysate, 

and hence eliminated the possibility that G3BP2a localises with cell debris following 

HNTG cell lysis.  

 

The polyclonal antibody 115, which is specific for G3BP1 and G3BP2a, detected two 

bands in NIH3T3 cells (Fig. 2.8, Panel B, lane 1). Conversely, only one prominent 

band in human HEK293T cells was detected using this antibody (Fig. 2.8, Panel B, 

lane 2). The position of this band relative to MW markers was consistent with 

G3BP1. A second band seen below the G3BP1 band would be expected if human 

G3BP2a in fact resolves differently from mouse G3BP2a, as postulated in Section 

2.3.1. However, a band representative of G3BP2a was not seen either above or below 

the G3BP1 band in human cells. These results suggest that G3BP2a may not be 

expressed at a high level in human cell lines, and that the two bands detected in 

human cells by the polyclonal G3BP2 were not G3BP2a and 2b, but G3BP2b and 

possibly some third, unidentified isoform or degradation product. 

 

In order to further assess the expression of G3BP2 in human cell lines, recombinant 

Flag-tagged G3BP2a was introduced into cell lines, and its electrophoretic mobility 

with respect to the endogenous protein was monitored. The Stratagene Complete 

Control Inducible Mammalian Expression System was utilised (Fig 2.8, Panel A). The 

ecdysone receptor (EcR) and the ultraspiracle (USP) or RXR are nuclear receptors 

expressed by the pERV3 vector. These receptors heterodimerise and bind to the 

ecdysone-responsive element in the pEGSH vector promoter, inhibiting transcription. 

When PonA binds to the EcR, the repressors are released and the complex becomes 

transcriptionally active.  

 

Cells were transiently transfected with the receptor vector pERV and pEGSH-

G3BP2a. Expression was induced by addition of PonA and cells were then harvested 

for analysis by Western blot. Flag-tagged G3BP2a resolved at a point just above 

endogenous murine G3BP2a, as would be expected, but far above the band initially 

thought to be G3BP2a in human cells (Fig. 2.8, Panel B, lanes 3 and 6). These data 

add more support to the idea that, in contrast to NIH3T3 cells, G3BP2a expression is 

low or absent in human cell lines. 
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Figure 2.8 Analysis of endogenous G3BP2a and exogenous Flag-tagged G3BP2a expression in 
human cell lines by Western blot. A) Illustration of the regulation of transcription in the Stratagene 
PonA inducible mammalian expression system. EcR and RxR are nuclear receptors that bind the 
pEGSH vector promoter (Figure obtained from www.stratagene.com. See text for detailed 
explanation). B) The cell line HEK293T was transfected with both the pERV receptor vector and the 
pEGSH-G3BP2a construct, and expression of Flag-tagged G3BP2a was induced by addition of the 
hormone PonA. Total protein (50 µg/lane) from NIH3T3 cells, HEK293T, and HEK293T cells 
expressing Flag-tagged G3BP2a (pEGSH-G3BP2a) (labeled 3T3, 293T and 293T+ respectively) was 
resolved by SDS-PAGE, transferred to a membrane and probed with either the polyclonal antibody 115 
which recognises G3BP2a/1, or the polyclonal G3BP2 antibody 576 which recognizes G3BP2a and 2b, 
as indicated. It appears that endogenous G3BP2a expression is very low or absent in the human cell 
line.  
 

2.3.6 G3BP mRNA expression in human cells 
 

In order to further analyse G3BP2 expression in human cells, the full coding sequence 

of G3BP2 was amplified by PCR of either SVCT cDNA or SVCT cDNA enriched for 

G3BP2. G3BP2 enrichment of cDNA did nothing to alter the PCR products obtained. 

For reference purposes, G3BP2 GST fusion constructs were amplified alongside the 
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cDNA and were resolved on an agarose gel. It can be seen in Fig. 2.9, Panel A, that 

the G3BP2a amplicon (lane 3) resolved at a higher point on the gel than the G3BP2b 

PCR product (lane 4). Amplification of G3BP in both cDNA samples resulted in the 

appearance of a strong, distinct band resolving at the same position as G3BP2b on the 

agarose gel. Conversely, a far less intense, indistinct band is seen in line with 

G3BP2a. Of special interest, a third band was also detected below the main band, the 

MW of which corresponds to the postulated G3BP2c (French, 2002). 

 

 
 
Figure 2.9 Analysis of G3BP2 mRNA in human SVCT cells. A) SVCT cDNA was used as template 
for PCR amplification of G3BP2, and the resultant fragments were resolved by agarose gel 
electrophoresis. HindIII digested λDNA was loaded in lane 1, followed by a “no template” control in 
lane 2. Positive controls, amplified from pGEX-G3BP2a and -G3BP2b vectors, respectively, were 
loaded in lanes 3 and 4. Lanes 5 and 6 contained the PCR products obtained following G3BP2 
amplification of SVCT cDNA and G3BP-enriched SVCT cDNA, respectively. Each of these bands was 
cloned into the pGEMT easy vector and resultant clones were sequenced and subjected to BLAST 
analysis for identification. B) Four separate clones generated from the higher molecular weight band 
(2b-2, -4, -5, -3) were sequenced and ClustalW aligned with G3BP2a. This alignment identified the 
clones as the shorter spliced isoform, G3BP2b (99 nt splice). C) The sequence of clones generated 
from the lower MW band exactly matched NCBI#U40077, DNA-dependent protein kinase. The 800 bp 
fragment of DNA-dependent protein kinase was inadvertently amplified and cloned due to 
complementarity with the G3BP2-specific primers, 326met and hG3BP#2 (shown in bold italics 
aligned to NCBI#U40077). 
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Following the application of a fresh sample, the bands were cut out and purified for 

cloning into the linear pGEM-T easy vector system. Again, it was not possible to 

distinguish a higher MW band corresponding to G3BP2a in this sample, so the single 

high MW band was cut out and cloned as G3BP2a/2b. The low MW band was cloned 

as possible G3BP2c. Sequence analysis of several G3BP2a/2b clones showed that the 

high MW band was G3BP2b (Fig 2.9, Panel B).  Sequencing of the clones produced 

from the low MW band showed that it was not a shorter isoform of G3BP2. Instead, 

the cloned sequences matched that of an unrelated gene, DNA-dependent protein 

kinase. This sequence was inadvertently amplified as a result of complementarity 

between the G3BP2-specific primers and sequences within the coding region of 

DNA-dependent protein kinase (Fig. 2.9, Panel C). Although this work was not 

successful in isolating a third isoform of G3BP2, it did confirm that G3BP2a 

expression, if not completely absent, is very low compared to G3BP2b in human 

cells.  

 

2.3.7 Immunofluorescent detection of Flag-tagged G3BP2a in human cells 

 

The low level of G3BP2a mRNA in SVCT cells, as shown by inefficient PCR 

amplification, both explained and confirmed the limited protein expression in human 

cells. Exogenous introduction of the protein was thus required to monitor G3BP2a 

expression in human cells. Cells were transiently transfected with the pERV receptor 

vector and pEGSH-G3BP2a. Cells were co-transfected with a GFP construct in order 

to measure transfection efficiency and then subjected to immunofluorescent analysis.  

Successful induction of expression in HEK293T cells (293T+) was confirmed by 

Western blot. Flag-tagged G3BP2a was detected with both the polyclonal G3BP2 

antibody 576, and the monoclonal anti-Flag antibody (Fig. 2.10, Panel A). Successful 

transfection, as indicated by inherent green GFP fluorescence, did not guarantee 

induction of Flag-tagged G3BP2a expression (red) (Fig. 2.10, Panel E). Staining was 

considered specific for the Flag tag, since cells transfected with GFP only, and then 

subjected to the same treatment, did not produce any red fluorescence (Fig. 2.10, 

Panel C). Other experiments showed that transfection of a Flag-only construct 

produced background staining only (data not shown). The disparity between GFP 

expression and Flag-G3BP2a expression in 293T cells was the first indication that 

mechanisms exist which may suppress the over-expression of G3BP proteins. Two 
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separate attempts to produce stable cell lines were also met with limited success (see 

Section 2.3.8 and 4.2.5), suggesting that G3BP expression must be tightly regulated to 

be compatible with cell survival (see Chapter 6, General Discussion). 

 

 
Figure 2.10 Localisation of Flag-tagged G3BP2a in HEK293T cells. Expression of transiently 
transfected Flag-tagged G3BP2a was induced by the addition of PonA and cells were subsequently 
subjected to Flag-specific immunofluorescence. Transfection efficiency was monitored by co-
transfection with GFP. Successful induction of Flag-tagged G3BP2a expression was confirmed by 
Western blot, as displayed in Panel A. Results for untransfected HEK293T (293T) and transfected 
HEK293T (293T+) are shown. In Panel B and C, cells transfected with GFP only are seen by 
Normasky microscopy and Flag-specific immunofluorescence, respectively. Background staining was 
minimal. The corresponding Normasky and immunofluorescent staining of cells transfected with GFP 
and Flag-tagged G3BP2a are shown in Panel D and E respectively. Possible nuclear localisation of 
Flag-tagged G3BP2a can be seen in the top right hand corner of Panel E. Size bar represents 25µm. 
 

It was thought that the absence of G3BP2a may have been the reason that cell cycle 

regulated localisation of G3BP2 could not be detected in human cells. That is, cell 

cycle regulated localisation may be isoform specific. This was plausible, because the 

G3BP2 antibody does not distinguish between the two isoforms. However, consistent 
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with data obtained using the G3BP2 antibody in 293T cells, it was not possible to 

induce massive nuclear localisation of Flag-tagged G3BP2a through serum starvation 

and restimulation (data not shown). Instead, in all cases, localisation was 

predominantly cytoplasmic, with possible nuclear localisation in some cells (Fig 2.10, 

Panel E). Without confocal microscopy, it was difficult to determine whether the 

weak, partial nuclear signal observed in some cells was not due to localisation in the 

sub-cellular region immediately above, rather than inside, the nucleus. Very rarely, a 

cell presented with much more convincing nuclear localisation (Fig. 2.10, Panel D, 

top right corner), but the rarity of this occurrence called into question both the 

specificity of staining of these particular cells, as well as any relationship between 

nuclear localisation and cell cycle stage.  

 

2.3.8 Production of human cells stably over-expressing Flag-tagged G3BP2a 

 

Over-expressed Flag-tagged G3BP2a in ER293 cells did not mimic endogenous 

G3BP2 localisation in NIH3T3 cells. Over-expression by transient transfection may 

induce non-typical behaviour, as has since been seen for over-expressed G3BP1, 

which localises to cytoplasmic granules (Tourriere et al., 2003). On the other hand, 

cells that stably over-express the protein may exhibit behaviour closer to that of the 

endogenous protein. Human cell lines stably expressing G3BP2a, as well as G3BP1 

and G3BP2b, were thus sought.  

 

Human ER293 cells stably expressing the pERV vector were used to create a stable 

cell line with inducible Flag-tagged G3BP2a expression. Initially, the cell line ER293 

was analysed for its ability to induce expression of the pEGSH-Flag-G3BP constructs. 

Cells were transiently transfected with each construct and expression was induced by 

addition of PonA. Treated cells were then harvested for analysis by Western blot 

using the anti-Flag antibody. All three forms of Flag-tagged G3BP were expressed in 

the ER293 cell line (Fig. 2.11, Panel A), which established it as a cell line suited to 

subsequent stable transfection. 

 

Following preparation of stable transfectants, each clone was treated with PonA in an 

attempt to induce expression of the stably integrated G3BP construct. Initially, five 

clones each of G3BP1, 2a and 2b (64, 74 and 7, respectively) were analysed by 
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Western blot, using the G3BP1 monoclonal antibody (labelled 64 in Fig. 2.11, Panel 

B) or the G3BP2 specific polyclonal antibody 576 (labelled 74 or 7 in Figure 2.11, 

Panel C and D). It is clear that most clones expressed endogenous protein only. 

However, clone 74:17 in Panel C appeared to express reasonable levels of the Flag-

tagged G3BP2a, similar to that observed with transient transfections. This band was 

confirmed as Flag-tagged G3BP2a by detection with an anti-Flag antibody (see 

below, Fig. 2.12). Clone 64:9 appeared to express Flag-tagged G3BP1, but it had such 

a limited level of expression that it was difficult to visualise. All remaining clones that 

survived were also screened for G3BP expression by Western blot; however, no more 

positive clones were detected (data not shown). 

 

 
 

Figure 2.11 Creation of a stable inducible G3BP2a human cell line. A) Initially, the ER293 cell 
line, stably transfected with the receptor vector pERV was analysed for its ability to allow for PonA 
induction of expression of the pEGSH-Flag-G3BP constructs by Western blot using the anti-Flag 
antibody. Note all three forms of G3BP (1, 2a, 2b) were induced in transient transfections. B) Stable 
G3BP1 clones (64:4, 6, 9, 22, 23) were screened with a monoclonal anti-G3BP1 antibody. Note clone 
64:9 (*) has a low level of expression of recombinant protein. C) Stable G3BP2a (74: 2, 4, 14, 15, 17) 
and D) stable G3BP2b (7:3, 11, 16, 20, 24) clones were screened for successful induction of expression 
using a polyclonal anti-G3BP2 antibody. Only clone 74:17 shows significant levels of expression of 
recombinant protein.  
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Attempts were made to assess Flag-tagged G3BP2a cell cycle regulated localisation in 

the stable 74:17 ER293 cells, but to no avail (data not shown). Expression levels were 

very low and specific localisation patterns were difficult to detect by 

immunofluorescence. G3BP2a nuclear localisation was not observed following serum 

restimulation of serum-starved cells. Stable cell lines over-expressing G3BP proteins 

were eventually produced for studies outlined in Chapter 4. Consistent with results 

presented in Fig. 2.10, Flag-G3BP2a localisation was predominantly cytoplasmic 

(data not shown), and expression was limited, despite antibiotic selection and clonal 

expansion (for details see Section 4.2.5). Altered localisation patterns could not be 

shown using serum starvation and restimulation (data not shown). 

 

The inducible cell line ER293 74:17, stably over-expressing Flag-tagged G3BP2a, 

was utilised to monitor G3BP2a stability. Knockdown attempts using antisense oligos 

(morpholinos) had been unsuccessful (data not shown). Therefore, it was thought that 

the G3BP proteins may be extremely stable. The hormone PonA was added to the 

media of ER293 (74:17) cells for 20 hours to induce expression, and then removed. 

PonA has a very short half-life in vivo (less than 1 hour) (Albanese et al., 2000), and 

therefore specific gene transcription should be halted shortly following PonA removal 

from the media.  

 

Cells were harvested for Western blot analysis at several intervals following removal 

of PonA. Initial Flag-tagged G3BP2a levels were lower in the stable cell line (0) than 

in a transiently transfected cell line (+) (Fig. 2.12), as had already been suggested by 

the low level of immunofluorescent staining. However, it would appear that Flag-

tagged G3BP2a protein expression was maintained for 24 hours following specific 

inhibition of gene transcription. This suggests that G3BP2a is a stable protein, and 

that successful development of any knockdown trial would need to take this into 

consideration. 
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Figure 2.12 Use of a stable inducible G3BP2a cell line to estimate G3BP protein half-life. Five 
sub-confluent flasks of the stable cell line, ER293 74:17, were treated with the expression-inducing 
hormone PonA, in antibiotic-free media for 20 hours. Cells were then rinsed and PonA media was 
replaced with selection media containing geneticin and hygromycin. Cells were subsequently harvested 
for Western analysis following removal of PonA media, at the time intervals indicated by lane 
markings; 0, 6, 24, 48 and 72 hours. A previously obtained sample of ER293 cells transiently 
transfected and induced for expression of Flag-tagged G3BP2a was loaded in the lane marked +, as a 
positive control. Over-expressed G3BP2a was detected using the anti-Flag antibody (FL-G3BP2a). The 
level of protein induced by transient transfection, (+), was higher than that observed for the stable cell 
line, (0). Nevertheless, it can be seen that the levels of stably induced protein were maintained for at 
least 24 hours, following removal of PonA. 
 

 

2.3.9 Recombinant G3BPs are phosphorylated  

 

From the previous data it was concluded that G3BP2 expression and localisation 

patterns differ between murine fibroblasts and human cell lines. Localisation and 

function of G3BP1 is influenced by phosphorylation (Tourriere et al., 2003; Tourriere 

et al., 2001), so the possible phosphorylation of G3BP2 was next investigated. G3BP1 

is phosphorylated on Ser 149 only in quiescent cells (Gallouzi et al., 1998), and this 

site is a Casein kinase II (CK2) consensus phosphorylation site in both G3BP1 and 

G3BP2, as predicted by Phosphobase (http://www.ebi.ac.uk) (Irvine et al., 2004). 

Protein kinase C (PKC) consensus sites are also predicted for all G3BPs by 

Phosphobase (Irvine et al., 2004), and since G3BP2a has been isolated as part of a 

complex containing the PKC transporter, RACK, this may be of significance in terms 

of signal-specific behaviour of G3BP2 (Angenstein et al., 2002). Phosphorylation of 

G3BP1, at least at Ser 149, is dependent upon the cell’s proliferative state (Gallouzi et 

al., 1998; Tourriere et al., 2001), so it is perhaps through variable phosphorylation 

that G3BPs exert their range of effects.  
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Figure 2.13 Phosphorylation of recombinant G3BPs by kinases present in rat brain extract. 
Phosphorylation of recombinant GST-G3BP1, -G3BP2a, -G3BP2b, or GST were measured by the 
incorporation of γ32P into the recombinant protein substrate following incubation with either total rat 
brain extract (T), PKC enriched rat brain extract (E), or water (N). The lane marked T(-) shows the 
successful phosphorylation of G3BP1 in the presence of total brain extract lacking PKC activators and 
containing the inhibitor EDTA. The final three lanes show that GST, which runs at 26kDa, is not 
phosphorylated in this assay. Background signal is due to phosphorylation of proteins in the rat brain 
extracts. 
 

As shown in Figure 2.13, all G3BPs, but not GST, were subject to phosphorylation, as 

detected by incorporation of γ32P, in the presence of total rat brain extract (T) or 

partially purified rat brain extract (E). Phosphorylation of G3BP1 was not completely 

ablated by the absence of PKC activators in the presence of the PKC inhibitor, EDTA 

(T(-)). This result shows that PKC (and other Ca2+-dependent kinases) may effect 

G3BP phosphorylation, but also suggests that other kinases are likely responsible for 

at least some phosphorylation of G3BPs. These data also show for the first time that 

G3BP2 is a kinase substrate. 

 

2.4 Discussion 

 

When this work commenced, there was some evidence to suggest that G3BP1 is 

widely over-expressed in human cancers (Barnes et al., 2002; Guitard et al., 2001), 

but that each G3BP family member also has the potential to negatively regulate the 

expression of the proto-oncogene, c-myc (Gallouzi et al., 1998; Irvine et al., 2004; 

Tourriere et al., 2001). In order to create a platform from which to undertake further 

investigations into the paradoxical nature of G3BP function in human cells, it was 
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first important to characterise G3BP expression patterns in human cells and tissue. 

The overall aims of this work were to assess the value of investigating G3BP as a 

target for breast cancer diagnostics and therapy, and to help direct further 

investigation into the function of this multi-faceted group of proteins.  

 

G3BP1 may promote cancer formation or progression. Immunohistochemistry of 

breast cancer sections showed that both G3BP1 and G3BP2 were over-expressed in 

tumour tissue.  G3BP2 was over-expressed to a higher degree than G3BP1, and in fact 

appeared to be absent from adjacent normal tissue. To date, 58 and 24 breast tumours 

have now been examined for altered G3BP2 and G3BP1 expression, respectively 

(French et al., 2002). All tumours over-expressed G3BP1 to some degree, and 88% of 

tumours over-expressed G3BP2, compared to normal breast tissue, which expressed 

little or no G3BP2 protein. The expression of G3BP2 is therefore turned on during 

breast tumour progression. No significant relationship was found between G3BP1 or 

G3BP2 over-expression and clinicopathological parameters of breast cancer such as 

histological grade, lymph node or hormone receptor status. Taken together, the 

immunohistochemical data suggest that the altered expression of G3BP in breast 

cancer may be an early event in tumour progression.  

  

G3BP1 expression in breast tumour tissue was distinct from that of G3BP2 in that it 

was sometimes punctate, and in certain cases appeared to localise more prominently 

to one side of the cell.  This is reminiscent of the Drosophila homologue of G3BP1/2, 

Rin, which localises apically in differentiating photoreceptors in a similar manner to 

Drk and Sos, factors important in Ras signalling (Pazman et al., 2000). G3BP1/2 

appears to affect Ras signalling, independent of the MAP-kinase pathway (Pazman et 

al., 2000), and G3BP1 interacts with RasGAP at the plasma membrane, only when 

Ras is active (Gallouzi et al., 1998). Therefore, an effector function for G3BP in Ras 

to RasGAP signalling is proposed. The polarised nature of G3BP1 localisation in 

breast cancer cells, as reported here, may be consistent with a role for G3BP1 in Ras 

signalling during breast tumorigenesis. 

 

On the other hand, punctate staining of G3BP, which was also observed by Juliet 

French for G3BP2 in colon tumours (French, 2002), could conceivably be consistent 

with the formation of stress granules (SGs), which are sites at which mRNA fate may 
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be decided during stress. Following the completion of these studies, G3BP1 was in 

fact shown to localise to SGs in cultured cells (Tourriere et al., 2003). Until recently, 

these granules had only been observed in cell lines, calling into question their 

significance in situ. However, SGs have now been observed in neural tissue, and 

abnormal SG dynamics were associated with cell death in response to stress (Kayali et 

al., 2005). It would therefore be of interest to further examine the presence of SGs in 

tumour tissue, especially given that tumours are constantly exposed to stressful 

stimuli and must develop mechanisms to overcome them in order to survive (Brown 

and Bicknell, 2001; Gatenby and Gillies, 2004). An investigation of the relationship 

between G3BP and SGs is presented in Chapter 4 of this thesis. 

 

There are many possible reasons for the altered expression of G3BP in breast cancer.  

G3BP up-regulation in breast cancer may be due to defects in upstream or 

downstream signalling factors which affect G3BP expression. Ras activation is a 

common early step in tumorigenesis that allows for proliferation in the absence of 

growth factor signals (Gatenby and Gillies, 2004). G3BP is a potential downstream 

effector of Ras that may act to regulate mRNAs encoding proteins required for Ras-

dependent responses (Parker et al., 1996). Therefore, activation of Ras may induce 

increased G3BP expression as one mechanism by which to facilitate cell proliferation. 

Supported best by the evidence so far is the notion that G3BP over-expression induces 

increased cell proliferation, and in this way may facilitate tumorigenesis. 

Nevertheless, it is also possible that G3BP over-expression in breast tumours may be 

collateral damage caused by the generalised deregulation of cell signalling that occurs 

during tumorigenesis. However, the fact that G3BP over-expression is not related to 

tumour grade or invasiveness supports the hypothesis that G3BP expression is 

switched on in parallel with, and to facilitate, proliferation and de-differentiation. It 

has already been shown that G3BP expression is switched on co-incident with de-

differentiation and proliferation in cultured retinal pigment epithelial cells (Kociok et 

al., 1999). To more clearly observe a relationship between G3BP and proliferation in 

tissue samples, analysis of G3BP expression in benign tumours and other proliferative 

disorders would be useful.  

 

G3BPs may have nuclear functions. Aside from the observation of G3BP1 and 

G3BP2 over-expression in breast tumours, the results presented in this chapter 
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confirm that G3BP2 can localise to the nucleus. This was first observed in the breast 

tumour samples, where approximately half of all breast tumours examined showed a 

distinct nuclear or perinuclear localisation. This is consistent with the fact that G3BP2 

contains an NTF2 domain, a domain commonly known to be responsible for 

nucleocytoplasmic transport through its interaction with Ran (Quimby et al., 2000).  

 

The nuclear localisation of G3BP2 in breast cancer was shown to vary significantly.  

Several tumours showed nuclear localisation of G3BP2 in only a fraction of cells, 

suggesting that the nuclear localisation corresponds to a particular stage of the cell 

cycle.  In contrast, G3BP2 localised to the nucleus of almost all cells in some 

tumours.  The significance of this is unclear; however, it is possible that localisation 

or shuttling of G3BP2 is regulated through signalling pathways such as the Ras 

pathway.  The variations in G3BP2 localisation may be a result of varying genetic 

defects, between cases, in upstream signalling molecules. Alternatively, in these 

cases, it is conceivable that mutations in G3BP itself lead to the unusual sub-cellular 

localisation. For example, the RNA binding domain of G3BP2 has been shown to 

retain G3BP2 in the cytoplasm (Prigent et al., 2000). Therefore, if this domain is 

dysfunctional, in addition to any number of effects, massive nuclear localisation of 

G3BP2 may occur.  

 

The expression of G3BP2 was examined in proliferating cells to determine whether 

the nuclear localisation of G3BP2 correlates with cell cycle progression. It had 

already been shown that show the localisation of G3BP2 changes during progression 

through the cell cycle. During cell quiescence (serum starvation) G3BP2 is 

predominantly localised to the cytoplasm of cells. Upon serum restimulation, when 

cells move into the cell cycle, G3BP2 translocates from the cytoplasm into the 

nucleus of cells (French, 2002). These findings were confirmed by the work reported 

in this chapter, and subsequently published (French et al., 2002), but the same nuclear 

localisation patterns were not apparent in human cell lines.  

 

In contrast to the distinct cytoplasmic localisation of G3BP2 in serum starved 

NIH3T3 cells, it has been reported that a fraction of total G3BP1 is localised to the 

nucleus of serum starved NIH3T3 rasGAP+/- cells (Tourriere et al., 2001). In addition, 

a small fraction of G3BP1 has been shown to translocate to the nucleus following 
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growth factor stimulation in MCF7 cells (Barnes et al., 2002). This suggests that 

G3BP nuclear localisation is regulated by cell cycle and growth factor signals, but 

since G3BP1 and G3BP2 localisation patterns vary, so too may their respective 

functions. Thus, not only may G3BP1 and G3BP2 function differ from each other, but 

each individual protein may also be multi-functional, specifically regulated through 

differences in cell type and environmental context.  

 

The immunofluorescence data for human cell lines further showed that G3BP1 and 

G3BP2 localisation patterns are somewhat different. While G3BP1 was primarily 

cytoplasmic, G3BP2 tended to localise close to the nuclear membrane in human cell 

lines and COS7 cells. This again suggests that despite high homology, these two 

genes may act independently, and their functions may be quite different. Various 

techniques may be utilised in future trials to examine the precise nature of G3BP sub-

cellular distribution in various cell lines. To establish a clear link between G3BP 

localisation and cell cycle stage, it will first be essential to assess the efficiency of cell 

cycle synchronisation, using a technique such as flow cytometry. In addition to 

immunofluorescence, biochemical sub-cellular fractionation will also enable a clearer 

determination of G3BP sub-cellular distribution.   

 

The varying presence of G3BPs in the nucleus suggests that these proteins may carry 

out a range of nuclear functions. The data reviewed in Chapter 1 suggest that the 

G3BP proteins affect gene expression at various levels of control, including 

transcription. The nuclear localisation of G3BP1 has been linked to sites of active 

transcription (Barnes et al., 2002), and interestingly, G3BP1 is required for viral RNA 

polymerase-dependent transcription of vaccinia virus (Katsafanas and Moss, 2004). 

Therefore, G3BP1 may directly affect transcription in the nucleus. On the other hand, 

the cell cycle regulated nuclear localisation of G3BP2, along with the fact that it 

contains an RNA binding domain, suggests that it may play a role in the 

nucleocytoplasmic shuttling of cell cycle regulated mRNAs. Whatever the case, the 

various reported sub-cellular locations of G3BPs suggest that each are multi-

functional proteins, poised to respond to a variety of stimuli in a localisation-specific 

fashion. 
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G3BP2 displays isoform-specific expression patterns. Study of G3BP2 isoform-

specific expression in human cells showed that the two isoforms of G3BP2 expressed 

in human cells were not G3BP2a and G3BP2b, but G3BP2b and some other 

unidentified isoform, degradation product or unrelated protein. In an attempt to 

identify this possible third isoform, RT-PCR was performed on cDNA prepared from 

the transformed human breast epithelial cell line, SVCT. A third band, the MW of 

which corresponded to the postulated G3BP2c (French, 2002), was discovered. 

However, subsequent cloning and sequence analysis led to the identification of this 

band as a small section of the gene for DNA-dependent protein kinase, which showed 

some complementarity with the primers in the region amplified.  

 

While this work was unsuccessful in identifying a third G3BP2 isoform, these 

experiments did confirm that G3BP2a expression in human cell lines is very limited, 

or at least much lower than that of G3BP2b. This has now also been demonstrated to 

also be the case in murine macrophage cell lines (Irvine, 2004). It was previously 

shown that G3BP2a is the only G3BP isoform expressed in murine brain, muscle and 

heart. Furthermore, it was found that all three proteins are expressed in the pre-natal 

mouse brain, but that G3BP1 and G3BP2b expression are switched off at birth (Irvine 

et al., 2004). This suggests that while all three G3BP proteins are associated with cell 

growth, survival and proliferation, G3BP2a may also play an important role in 

cellular differentiation.  

 

Why G3BP2a would be expressed in murine fibroblasts, but not in human or monkey 

cell lines (or murine macrophages), is something that requires further investigation. It 

will also be important to produce isoform-specific antibodies for G3BP2, to determine 

with more confidence which isoform/s are over-expressed in cancer. A monoclonal 

antibody 7B9 has been raised but not epitope-mapped. This antibody, like 576, also 

detects the lower molecular weight band (Irvine, 2004), lending support to the notion 

that it is a degradation product or third isoform, and not a completely unrelated 

protein. Analysis of breast cancer tissue by Western blot will be required to determine 

whether the “third isoform” is present in tissue sections, and if so, it will be 

imperative to isolate this protein by immunoprecipitation and determine its identity.  
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Protein stability and post-translational modifications may be important for G3BP 

function. The data presented in this chapter indicate that G3BP2a is a very stable 

protein. It is quite possible that G3BP1 is also very stable, since trials to knockdown 

G3BP1 expression with morpholinos were unsuccessful (data not shown). Pulse-chase 

incorporation of radioactive-labelled amino acids can be utilised in future trials to 

determine the protein half-life of each G3BP isoform. Briefly, cells would be exposed 

to media containing radioactive-labelled amino acids (pulse), which would become 

incorporated into actively translating proteins. Cycloheximide would then be used to 

inhibit translation in non-radioactive media (chase). Various G3BP isoforms can then 

be immunoprecipitated at time intervals following translation inhibition, and half-life 

can be determined by calculating how long it takes for the radioactive signal to 

dissipate. If high protein stability is confirmed, this may provide an explanation for 

the extensive tissue and cell line expression of G3BP proteins.  

 

It was also found that each G3BP isoform is subject to phosphorylation. This would 

suggest that like G3BP1, G3BP2 activities are phosphorylation-dependent. However, 

the precise identity of these kinases remains unclear. To address this, 

immunoprecipitation can be used in future trials to isolate putative G3BP kinases, 

such as PKC. The purified kinase preparation can then be used in kinase assays, as 

described in this chapter. To assess the regulation of G3BP by any kinase identified in 

such a way, cells can be treated with chemicals to activate or inhibit the putative 

G3BP kinase. Alternatively, the specific kinase can be knocked down or over-

expressed in constitutively active form. Changes in the phosphorylation status of 

cellular G3BP, as effected by these manipulations, can then be assessed through the 

incorporation of radioactive-labelled phosphate. In this way, specific and biologically 

relevant G3BP kinases can be identified, providing valuable insights into G3BP 

function. 

 

The response to growth factor and other extra-cellular signals needs to be finely 

controlled to prevent pathological consequences. It is well known that by utilising 

post-transcriptional mechanisms the cell is able to rapidly respond to such stimuli 

(Siomi and Dreyfuss, 1997). The proteins that mediate post-transcriptional regulation 

cannot be ubiquitously active, but instead must be poised to respond to extra-cellular 

inputs. This raises the possibility that ubiquitous G3BP expression may not equate to 
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ubiquitous function. Instead, post-translational modification of ubiquitously expressed 

G3BP (in proliferating cells) may enable immediate and appropriate activation of the 

protein in response to extra-cellular stimuli.  

 

G3BP may be a useful target for cancer therapy and diagnosis. G3BP1 and at least 

one isoform of G3BP2 were expressed in all cancer tissue and cell lines tested, despite 

previous observations of tissue specific expression in mice (Kennedy et al., 2001). 

These results suggest that G3BP expression (at least G3BP1 and G3BP2b), like that 

of hnRNPB1, a biomarker for early detection of human lung carcinoma (Sueoka et al., 

1999), may be proliferation related.  It is yet to be determined whether G3BP is 

required for cellular immortalisation. However, this data, along with the fact that 

G3BP1 is known to promote cell cycle progression (Guitard et al., 2001), suggest that 

G3BPs may be necessary for cell proliferation and hence may also be required factors 

for tumour formation or progression. Knockout data released since the completion of 

this work confirm a role for G3BP1 in cell survival and proliferation (Zekri et al., 

2005), helping to validate this hypothesis. 

 

One of the goals of this work was to further examine the potential use of G3BP2 as a 

target for breast cancer therapy. The data support a role for G3BP in promoting cell 

proliferation, and also show prominent over-expression of G3BP2 in breast cancer, 

with limited expression in adjacent normal tissue. This would suggest that G3BP2 has 

potential as a target for cancer therapy. However, it is clear that the very nature of 

cancer means that it is highly adaptive to therapies (Gatenby and Gillies, 2004), and 

therefore an approach that combines several treatment types will be most effective. In 

addition, there are severe limitations when choosing a self-antigen as a drug or 

immune target because of the potential for normal tissue damage. It is clear that 

further investigation of the expression patterns of G3BPs in normal human tissue, as 

well as their specific functions, are still required before they can seriously be 

considered as appropriate targets for the development of cancer therapeutics. 

 

Summary. It has already been found that G3BP1 promotes S-phase entry in serum-

starved cells (Guitard et al., 2001) and is regulated through the Her2 growth factor 

receptor (Barnes et al., 2002). Since G3BP2 over-expression in breast cancer is more 

prominent than that of G3BP1, it may also be an appropriate target for future research 
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into breast cancer, Her2 and cell cycle progression. In addition, the observation that 

all G3BPs are phosphorylated, and as previously shown, also interact with mRNA, 

supports the hypothesis that G3BP modulates mRNA metabolism in response to 

specific cell signals. The data presented here, taken together with the observations of 

others, point to the fact that G3BP activities are highly dependent on localisation and 

post-translational modification, which are in turn determined by cellular conditions, 

such as cell type and growth factor and stress signals. Therefore, these proteins may 

function in different ways in response to a range of environmental stimuli.  
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CHAPTER 3 

 

Investigation of the in vivo implications of G3BP’s  

putative endoribonuclease activity 
 

3.1 Introduction 

 

The G3BP family of proteins, by virtue of their RNA binding and protein interactions, 

are implicated in signal-regulated mRNA metabolism. G3BP1 and 2 have both been 

purified as components of signal-induced polysome-associated mRNP complexes 

(Angenstein et al., 2002; Atlas et al., 2004), and G3BP1 has been shown to nucleate 

stress granules, translationally-silent mRNPs induced by stress (Tourriere et al., 

2003). As outlined in the previous chapter, both G3BP family members are over-

expressed in tumours, and G3BP1 is now proven to promote cell proliferation and 

survival (Zekri et al., 2005). Paradoxically, both G3BP family members also 

demonstrate a phosphorylation-dependent endoribonuclease activity on the 3′UTR of 

the proto-oncongene c-myc, in vitro (Gallouzi et al., 1998; Irvine et al., 2004; 

Tourriere et al., 2001).  

 

Endoribonucleases and RNA metabolism. Ribonuclease activity mediates a range of 

post-transcriptional gene regulation pathways, allowing for maintenance of 

appropriate mRNA decay and processing, destruction of aberrant mRNAs, and 

stimulus-specific alterations in mRNA stability. Decay of mRNA is usually preceded 

by deadenylation, followed by either exosome-mediated 3′-5′ decay (Mitchell and 

Tollervey, 2000), or decapping and 5′-3′ decay at cytoplasmic processing bodies (P-

bodies) (Cougot et al., 2004). However, deadenylation-independent mechanisms for 

mRNA decay do exist, and are initiated by endoribonucleolytic cleavage (Schoenberg 

and Cunningham, 1999).  

 

Although it has been suggested that endoribonucleolytic cleavage plays a particular 

role in initiating decay of mRNA in response to extracellular stimuli (Schoenberg and 

Cunningham, 1999), rather than in constitutive mRNA regulation, it is beginning to 

emerge that endoribonucleolytic cleavage is involved in a broad range of mRNA 



Chapter 3                                                                                                  G3BP endoribonuclease activity 

 68 

processing events. RNA interference (RNAi) is a conserved RNA silencing pathway 

that utilises the RNA induced silencing complex (RISC) to mediate 

endoribonucleolytic cleavage of target mRNAs. This is achieved by association of 

RISC with small RNAs, which mediate sequence-specific association of RISC with its 

mRNA targets (Orban and Izaurralde, 2005). The small RNAs are themselves 

generated by endoribonucleolytic cleavage of RNA precursors and include silencing 

RNAs (siRNAs), which are produced from exogenous double-stranded RNAs, as well 

as endogenous micro RNAs (miRNAs). The expression of miRNAs is perturbed in 

cancer, and miRNAs may be important regulators of gene expression (Mattick and 

Makunin, 2005). For example, miRNA and RISC were recently implicated in the 

rapid turnover of transcripts bearing an AU-rich element (ARE), a process previously 

thought to be mediated via the exosome (Jing et al., 2005). New evidence suggests 

that, in Drosophila at least, RISC-mediated endoribonucleolytic cleavage is followed 

by 3′-5′ and 5′-3′ decay of the resulting fragments, independent of both deadenylation 

and decapping (Orban and Izaurralde, 2005).  

 

Another type of endoribonuceolytic mRNA decay is dependent upon polysome 

association of both enzyme and substrate. The Polysome-associated mRNA 

endoribonuclease 1 (PMR1) initiates destabilisation of albumin mRNA (Yang et al., 

2004c). Deletion of the polysome target domains of PMR1 prevents both association 

with, and decay of, albumin mRNA, proving that this type of endoribonucleolytic 

mRNA decay occurs via a polysome-bound complex. Finally, it was recently shown 

that nonsense-mediated decay (NMD) of transcripts containing premature termination 

codons is also initiated by endoribonucleolytic cleavage in Drosophila (Gatfield and 

Izaurralde, 2004). 

 

Turnover of c-myc mRNA is mediated by both deadenylation-dependent and -

independent pathways (Brewer, 2000), the latter of which involves 

endoribonucleolytic decay. The c-myc transcript contains an AU-rich element (ARE) 

in the 3′UTR. AREs are implicated in the destabilisation of many mRNAs and 

mediate decay via deadenylation-dependent mechanisms, although recent evidence 

suggests involvement of RISC (Jing et al., 2005). In addition to the destabilising 

element in the 3′UTR, c-myc harbours a coding region instability determinant (CRD) 
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specifically targeted by a CRD binding protein (CRD-BP) for protection from 

cleavage by a specific endoribonuclease (Lee et al., 1998). Brewer and colleagues 

(2000) isolated a polysome-associated factor in phorbol ester (TPA)-treated K562 

leukemic cells, which mediated accelerated c-myc decay independent of 

deadenylation. Association of CRD-BP with c-myc was not altered by TPA treatment, 

so it was suggested that the decay may be mediated via a different cis-acting element 

in association with an unidentified trans-acting protein.  

  

G3BP endoribonuclease activity. G3BP has been implicated in the 

endoribonucleolytic decay of c-myc. A radioactive-labelled substrate, produced by in 

vitro transcription of a 147 nt fragment of the murine c-myc 3′UTR, was cleaved by 

G3BP1 to form a doublet of 115 and 123 nts, which was only degraded into smaller 

fragments upon addition of more G3BP1 (Tourriere et al., 2001). Tourriere and co-

authors (2001) further went on to show specific cleavage of murine c-myc between 

CA di-nucleotides, which was dependent on RNA-binding. Immobilisation of G3BP1 

onto nitrocellulose inhibited endoribonuclease activity, but enabled binding of the 

sequence produced by in vitro transcription. It was shown that the C-terminal of 

G3BP1, which contains the RRM and RGG, was sufficient to bind the RNA, but that 

only the full-length protein could degrade the RNA. This suggests that the tertiary 

structure is required for enzyme activity. 

 

Tourriere and colleagues (2001) also determined an affinity binding sequence for 

G3BP1 using the SELEX technique. A mix of random 12nt sequences, flanked by 

constant regions for PCR amplification, were used as probes for nitrocellulose-

immobilised G3BP1. The probe mix was applied to the membrane and bound material 

was subsequently purified. cDNA was generated and the specific sequences were 

amplified by PCR. These sequences were then in vitro transcribed and re-applied to 

the membrane five times to select for high affinity binding sequences. It was found 

that their c-myc substrate contained a sequence, UCCCACUCUUU, which exactly 

matched one of the sequences pulled out by the SELEX technique. However, they did 

not prove that this was actually the sequence within their c-myc substrate to which 

G3BP1 binds. Based on SELEX data, a best-guess consensus sequence, 

ACCA(U/C)(A/C)(C/G)G(C/A)AG, which did not match the sequence element 
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identified in c-myc, was generated from the data. Several genes, including cdk9, a 

cyclin-dependent kinase, were shown to contain the consensus sequence.  

 

G3BP1’s endoribonuclease activity was dependent upon phosphorylation at Serine 

149. It was suggested that G3BP1’s endoribonuclease activity may affect c-myc 

mRNA stability in vivo, because there was a delay in c-myc decay in RasGAP-/- cells, 

which harbour a phosphorylation-deficient form of G3BP1 (Tourriere et al., 2001). In 

addition, a recent publication has again implicated G3BP1 in the RasGAP-dependent 

regulation of various transcripts (Lypowy et al., 2005). Following RasGAP 

knockdown, cdk7 and cdk9 mRNA were liberated from G3BP1. This liberation 

correlated with a decrease in Cdk7 protein and a modest increase in Cdk9 protein. 

Although Lypowy and co-authors (2005) did not measure transcript levels, it is 

interesting to note that cdk9 mRNA contains the SELEX-generated consensus 

sequence, whilst cdk7 does not. It is possible that the presence of certain cis-acting 

elements in transcripts causes G3BP1-directed decay of the mRNA, but G3BP1 may 

also positively regulate other transcripts to which it binds. 

 

The preceding observations provide indirect evidence that G3BP1 binding to mRNA 

can have a negative impact on the quantity of transcript, and hence the level of 

translated protein. However, there is as yet no evidence to directly link G3BP1 in 

vitro endoribonuclease activity with in vivo activity or consequences. More 

specifically, an in vivo role for G3BPs in c-myc stability and expression has not been 

proven. 

 

The c-myc gene is an early-response proto-oncogene, immediately upregulated on 

addition of growth factors to the cell. The c-Myc protein functions as a transcription 

factor with a vital role to play in embryonic development, cell growth and 

proliferation. The transforming potential of c-myc is controlled by exquisite gene 

regulatory mechanisms, which are disrupted during tumorigenesis (Dang et al., 1999). 

Aberrant c-myc expression is seen in many tumour types including breast cancer (Liao 

and Dickson, 2000), and c-myc is over-expressed in 30% of all breast and colon 

cancers (Dang et al., 1999).  
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Investigative approach and outcomes. Since both G3BP family members act as 

endoribonucleases on the c-myc 3′UTR in vitro (Gallouzi et al., 1998; Irvine et al., 

2004), it could be hypothesised that one of G3BP’s roles may be to monitor and 

maintain transcript instability in vivo. However, a role for G3BP in the destabilisation 

of c-myc would appear to conflict with evidence that G3BP itself promotes cell 

proliferation and survival. The goal of the work reported here was to determine 

whether or not G3BP has an effect on c-myc expression in vivo by acting through the 

3′UTR. 

 

A method was designed to assess G3BP’s role in c-myc stability and translation, as 

mediated through the 3'UTR of the transcript. Previously, the specific function of 

mRNA trans-acting factors has been assessed using Northern blotting to monitor the 

half-life of a target reporter mRNA. This method supplies no definitive answers 

regarding the effects on protein translation. In this study, the c-myc 3′UTR and 

various other cis elements were cloned into a luciferase reporter construct and 

experiments to monitor the effect of exogenous G3BP on the levels of reporter protein 

were performed. The premise was that if a protein imparts transcript instability, this 

will lead to reduced steady-state levels of the transcript, and in turn, translated protein 

product.  

 

The validity of the system was assessed through addition of appropriate control 

constructs. It was previously shown that the RNA binding protein HuR (Peng, 1998) 

binds and stabilises transcripts containing the c-fos ARE, while Tristetraprolin (TTP) 

destabilises various ARE-containing transcripts (Carballo et al., 1998; Lai, 1999; 

Stoecklin et al., 2003). Yet another protein, hnRNPD has versatile functions (Xu et 

al., 2001), but at least in some contexts has been shown to reduce the stability of 

transcripts bearing the c-fos ARE (Loflin et al., 1999). These trans-acting proteins 

were added to the system, along with the cis-acting factor, the c-fos 3′UTR ARE, to 

determine if luciferase measurements were consistent with results previously obtained 

using Northern blots. Finally, a segment of cdk9, containing the consensus G3BP 

binding sequence, was also cloned into the luciferase construct. The activity of G3BP 

phosphomimetic mutants was also assessed, since G3BP’s endoribonuclease activity 

is reported to be phosphorylation-dependent.  
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The results of these experiments unexpectedly challenged the evidence that G3BP is 

an endoribonuclease. The data instead support the notion that G3BPs enhance the 

expression of at least some of their target mRNAs, and are more consistent with a role 

for G3BP in cell proliferation and survival.  

 

3.2 Materials and Methods 

 

3.2.1 Primers 

 

Note that underlined lower case shows restriction site (as per primer name or in 

brackets) incorporated into the primers. 

AUF37EcoRIF - 5′GCgaattcAGATATGTCGGAGGAGCAGTTC 3′ 

AUF37BamHIR - 5′AGggatccTTAGTATGGTTTGTAGCTATTTTG 3′ 

2FOS500NotIF - 5′AAgcggccgcTGTGGACTCAAGTCCTTAC 3′ 

2FOS500BglIIR - 5′GAagatctCACATGTCAAAAGACCTCAAGG 3′ 

HuRBglIIF - 5′GCagatctGATCATGTCTAATGGTTATGAAG 3′ 

HuRXbaIR - 5′AGtctagattaTTTGTGGAGTTGTTGGTTTTG 3′ 

myc3UTRforward (NotI) - 5′AAggaattcAgcggccgcGGAAAAGTAAGGAAAACG 3′ 

myc3UTRreverse (BglII) - 5′ GAagatctTGGCTCAATGATATATTTGCCAG 3′ 

H_cdk9_F  (NotI) - 5′ CAgcggccgcGTGTGGTGACACTCTGG 3′ 

H_cdk9_R (BglII) - 5′ GAagatctCGCGCTCAAACTCCGTCTGG 3′ 

Mu_mycutrF (NotI)  - 5′ CAgcggccgcACTGACCTAACTCGAGG 3′ 

Mu_mycutrR (BglII) - 5′ GAagatctTTATGGTACATTCTTAAAATC 3′ 

G3BP1F (NotI) - 5′ TATTTATAAgcggccgcgATGGTGATGGAGAAG 3′ 

G3BP1R (BamHI) - 5′ CGTggatccTTACTGCCGTGGCGCAAGC 3′ 

G3BP2F (NotI) - 5′ GCCTTATAAgcggccgcgATGGTTATGGAGAAG 3′ 

G3BP2R (BamHI) - 5′ CGCggatccTCAGCGACGCTGTCCTGTGAAG 3′ 
 

3.2.2 Antibodies 

 

Antibodies used were goat anti-luciferase (Cortex Biochem, CR2027GAP), mouse 

anti-β-galactosidase (Promega), mouse anti-HuR (Santa Cruz SC5261, 3A2), mouse 

anti-T7 (Novagen, #69522) and mouse anti-c-Myc (Abcam, 9E10). HRP-conjugated 
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secondary antibodies were sourced from BioRad or Jackson Immunoresearch. All 

other antibodies used were as per Section 2.2.2. 

 

3.2.3 DNA constructs 

 

The following constructs were kindly provided by Nancy Kedersha (Brigham and 

Women’s Hospital, Boston): pcDNA3, pcDNA3-Flag-TTP, pcDNA3-Flag-TIA-1, 

pMT, pMT-eIF2αS51D, p7B (T7-tagged β-globin), pEF-myc and pEF-myc-FAST. 

The pCMVsport-β-galactosidase vector (Invitrogen) was a kind gift from Denis Crane 

(Griffith University, Brisbane). Juliet French (University of Queensland, Brisbane) 

donated the pSG5-luciferase and renilla vectors, and pCMV4-Flag G3BP1 ABC, 

which was generated from pCMV4-Flag G3BP constructs (described below). 

Constructs containing the coding sequence of all four isoforms of hnRNPD were 

kindly provided by Rob Medcalf (Australian Centre for Blood Diseases, Monash 

University, Melbourne).  

 

All primer sequences are shown in Section 3.2.1. All manipulated constructs were 

confirmed by DNA sequencing. Sequencing results were obtained through use of an 

Applied Biosystems 377-96 DNA Sequencer or 3130xl Genetic Analyser utilising 

Applied Biosystems BigDye(TM) Terminator Cycle Sequencing. 

 

The human c-myc 3′UTR was sub-cloned into the pSG5-luciferase vector, which 

contains a poly-linker downstream from the coding sequence and upstream of the 

polyA signal (French, 2002). An expressed sequence tag containing the 3′UTR of c-

myc (EST: xg57c08.x1, American Type Culture Collection) was used as template for 

high fidelity polymerase (Pfu Turbo, Stratagene) PCR, incorporating NotI and BglII 

restriction sites with the primers myc3UTRforward and myc3UTRreverse. The PCR 

was performed with a denaturation cycle of 4 min at 94°C followed by 30 thermal 

cycles including denaturation at 94°C for 45 sec, annealing at 62°C for 45 sec and 

extension at 72°C for 2 min with a final extension at 72°C for 10 min. Digested PCR 

products and plasmids were extracted and purified from agarose gels using Qiagen 

QIAquick Gel Extraction Kit as per the manufacturer’s instructions. T4 DNA ligase 

(Gibco) was used to ligate digested plasmid and insert. Ligation products were 
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transformed into heat-shock competent DH5′α cells and plated onto LB-Agar with 

ampicillin (100µg/ml). Several colonies were grown in liquid LB with ampicillin 

(100µg/ml) and used for screening by PCR with the same primers used for the initial 

amplification. The primers Mu_mycutrF and Mu_mycutrR were similarly used to 

clone the murine c-myc 3′UTR from NIH3T3 cDNA (kindly provided by Kerry Inder, 

Griffith University, Brisbane) and mouse cerebellum cDNA (kindly provided by 

Jamie Nourse, Griffith University, Brisbane). 

 

A 500 bp region of the c-fos 3′UTR, containing the AU-rich element, was cloned 

from human cDNA prepared from SVCT cells using the iScript cDNA synthesis kit  

(Biorad) according to manufacturer’s instructions. The RNA was prepared using the 

NucleoSpin RNA II kit (Macherey-Nagel).  The region of the c-fos 3′UTR which 

spans 3502-4050 nt of NCBI accession # K00650 was cloned into pSG5-luciferase. 

NotI and BglII sites were incorporated into the c-fos sequence using the primers 

2FOS500NotIF and 2FOS500BglIIR. All other cloning steps were performed as 

described above. PCR was performed as above except an annealing temperature of 

60°C was used. The same procedure was used to clone regions of the mouse c-myc 

3′UTR (L00039 nt 580-943; primers Mu_mycutrF, Mu_mycutrR) and the human 

cdk9 coding sequence (NM_001261 nt 661-1209; primers H_cdk9_F, H_cdk9_R), 

each reported to contain a G3BP consensus RNA binding sequence.  

 

The coding sequence of human HuR was cloned into pCMV4-Flag (Sigma) from 

HEK293T cDNA prepared as described above. PCR amplification of cDNA was 

performed with an annealing temperature of 60°C, using primers HuRBglIIF and 

HuRXbaIR to incorporate BglII and XbaI sites. Further cloning steps were carried out 

as above. G3BP1/2 F and R primers were used to amplify G3BP coding sequences 

from pGEM4Z constructs (see Section 2.2.4), incorporating NotI and BamHI sites. In 

this way, G3BP was cloned into the pCMV4-Flag vector, as above. The coding 

sequence of human hnRNPD was amplified from plasmid constructs kindly provided 

by Rob Medcalf (see above). Primers AUF37EcoRIF and AUF37BamHIR were used 

to incorporate EcoRI and BamHI sites using high fidelity (Failsafe, Epicentre) PCR 

for sub-cloning into the mammalian expression vector pCMV4-Flag (Sigma). PCR 
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was performed as described above except an annealing temperature of 60°C with 40 

cycles was required. All other cloning steps were performed as described above.  

 

3.2.4 Site-directed mutagenesis 

 

The Stratagene QuikChangeII primer design website was used to design primers for 

site-directed mutagenesis. Phosphorylation site prediction was determined using the 

phosphorylation site prediction database, Phospho.ELM (formerly PhosphoBase) at 

http://phospho.elm.eu.org. In both G3BP1 and G3BP2, the serine at position 149 was 

replaced with alanine (non-phosphorylatable mutant, S149A) or glutamate 

(phosphomimetic mutant, S149E). The letters in bold indicate the three nucleotides 

which replaced TCT (which normally encodes for serine) in order for this change to 

occur.  

 

G3BP1S149AF - 5′ GCCTCAGGAGGAGGCTGAAGAAGAAGTAGAG 3′ 

G3BP1S149AR - 5′ CTCTACTTCTTCTTCAGCCTCCTCCTGAGGC 3′ 

G3BP1S149EF –  

5′ CTGAGCCTCAGGAGGAGGAGGAAGAAGAAGTAGAGGAAC 3′ 

G3BP1S149ER –  

5′ GTTCCTCTACTTCTTCTTCCTCCTCCTCCTGAGGCTCAG 3′ 

G3BP2S149AF –  

5′ CCTGAACTTGATGAAGAAGCAGAAGATGAAGTAGAAGAG 3′ 

G3BP2S149AR –  

5′ CTCTTCTACTTCATCTTCTGCTTCTTCATCAAGTTCAGG 3′ 

G3BP2S149EF –  

5′- 

TGAGCCTGAACTTGATGAAGAAGAGGAAGATGAAGTAGAAGAGGAAC 3′ 

G3BP2S149ER –  

5′- 

GTTCCTCTTCTACTTCATCTTCCTCTTCTTCATCAAGTTCAGGCTCA 3′ 

 

Site-directed mutagenesis was performed using a modification of the Stratagene 

QuikChange II system, incorporating the use of the Failsafe (Epicentre) high fidelity 
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PCR system. Mutants were generated from pCMV4-Flag G3BPs and approximately 

50 ng of template DNA was used in each PCR reaction. An initial denaturation at 

95°C for 5 min was used, followed by 16 amplification cycles of 95°C, 30 sec; 55°C, 

1 min; 68°C, 8 min. DpnI (Fermentas) digestion (1.6U, 1 hour, 37°C) of the complete 

PCR reaction was performed to remove methylated template DNA, leaving only PCR-

generated and mutagenised DNA intact. DpnI digested PCR product (2 µl) was 

transformed into Oneshot Top 10 competent cells (Invitrogen) according to the 

manufacturer’s instructions. Presence of the appropriate mutation within an otherwise 

intact coding sequence was confirmed by sequencing, as per section 3.2.3. 

 

3.2.5 Cell culture, transfections and cell treatments 

 

Cells were maintained in DMEM supplemented with 10% FCS (Gibco). ER293 cells, 

as described in Section 2.2.14, were used in the place of HEK293T cells, because they 

were larger and had improved adhesion. The increased adhesion was important for the 

enzyme assays, since variable cell loss during rinsing produced massive well-to-well 

error. The transfection procedure was essentially the same as that outlined in Section 

2.2.13 and was up- or down-sized proportionally, depending on plate size. For 

enzyme assays, cells were plated onto a 24-well plate at a density of 7.5 x 104 per well 

for next day transfections, or 1.25 x 105 per well for same day transfections. A total of 

150 ng or 300 ng plasmid DNA were transfected into ER293 and COS7 cells 

respectively, in a 24-well plate with 1-3 µl Lipofectamine 2000 (Invitrogen) per µg of 

DNA. Each transfection involving a reporter construct was carried out in triplicate. To 

decrease replicate variability in reporter assays, the working volume for transfections 

was increased. Simply, the DNA and Lipofectamine 2000 for replicate transfections 

were mixed in a single tube, complexes were allowed to form, and then antibiotic-free 

media was added to each tube. Conditioned media was then removed from the cells 

and equal quantities of transfection mix were placed onto replicate wells.  

 

3.2.6 Cell extracts, SDS-PAGE and Western blotting 

 

Some cell extracts were performed exactly as per section 2.2.5. Alternatively, a direct 

lysis method, similar to the method of protein harvest used for β-galactosidase 
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enzyme assays (Section 3.2.8), was utilised. 24 hours post-transfection, cells were re-

plated onto 12-well plates and after another 24-hours, cells were rinsed once with 

PBS. 300µl of pre-heated (approx. 90°C) SDS direct lysis buffer (5mM Hepes or 

Tris-Cl, pH 6.8, 2% SDS) was then added to each well, swirled and immediately 

placed into a screw-cap 1.5ml microfuge tube. Samples were heated in boiling water 

then sonicated on ice to shear DNA. Samples were brought to 60% (v/v) acetone by 

addition of ice-cold 100% acetone, then placed at -20°C for at least one hour. 

Precipitated protein was collected by centrifugation at 15 000g and resuspended in 

50µl 2x sample buffer (as per Section 2.2.5), mixed by vortexing, heated in boiling 

water for 5-10 min, then briefly sonicated. Samples were then mixed by vortexing. 

This method allowed for consistent and complete protein extraction from each well, 

and an equivalent volume of each extract was used in order to achieve equal loading.  

 

Samples were loaded onto a Tris-glycine polyacrylamide gel and protein was resolved 

by electrophoresis, then transferred to nitrocellulose (Invitrogen) or PVDF (Millipore) 

membranes. Protein transfer and equal loading were assessed by Ponceau S (Sigma) 

staining. This technique enables visualisation of protein bands in all areas of the 

membrane, and will detect areas of erroneous transfer, so is more informative than 

simply blotting for a single loading control protein. The use of this technique to assess 

protein load has been published (Gilks et al., 2004; Kedersha et al., 2000; Pazman et 

al., 2000). Specific Western blot detection of HuR, which has also been reported as a 

suitable loading control (Stoecklin et al., 2006), was used in some cases to confirm 

equal protein loading. Membranes were blocked in 5% normal horse serum in PBS or 

5% skim milk powder in TBS. Membranes were incubated with antibody diluted in 

blocking reagents for 2 hours at RT or overnight at 4°C. HRP-conjugated secondary 

antibodies were obtained from BioRad or Jackson Immunoresearch. Signals were 

detected through use of ECL reagent (Pierce). The optical density of bands was 

assessed using Image J software. 

 

3.2.7 Luciferase Assays 

 

The Promega Dual-Luciferase Reporter Assay System was utilised to assess luciferase 

activity in cells transfected with pSG5-luciferase (firefly test reporter) and pSG5-
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renilla (normalising reporter) constructs. Triplicate data were obtained from three 

separately transfected 24-wells. Cells were plated at 7.5x104 cell/well for harvest 24 

hours post-transfection. Briefly, 150ng of plasmid expressing a Flag-tagged trans-

acting protein was co-transfected with 5ng pSG5-Ren (normaliser) and 20ng pSG5-

Luc containing the test cis element. Cells were harvested by passive lysis according to 

manufacturer’s instructions. Cells were rinsed once with PBS, then 100µl of passive 

lysis buffer was added and the plate was rocked at room temperature for 15 min. 

Either 20µl or 10µl of cell lysate were placed in a white 96-well plate and either 

100µl or 50µl of each detection reagent were added consecutively using the 

automated Victor Multilabel Plate Reader and Wallac 1420 Work Station software 

(Perkin Elmer). Where appropriate, a value for “normalised luminescence” was 

calculated by dividing the value obtained for firefly luminescence by that obtained for 

the normaliser, renilla. 

 

To assess luciferase expression in both proliferating and serum-starved cells, two 

groups of ER293 cells were plated onto 24-well plates; one group was plated at the 

normal density of 7.5x104 cell/well (serum-starved) and the other at half the normal 

density (proliferating). After 24 hours, the cells were rinsed and the media replaced – 

either with serum-free media (serum-starved) or media containing 10% FCS 

(proliferating). Following another 24-hour incubation, cells were co-transfected with 

one of the Flag-tagged G3BP vectors and luciferase constructs in serum-free media 

(serum-starved) or complete media without antibiotics (proliferating). Cells were 

harvested 24 hours post-transfection. 

 

3.2.8 β-galactosidase assays 

 

The Promega β-galactosidase Enzyme Assay System with Reporter Lysis Buffer was 

used to assess reporter gene expression and triplicate data were obtained from three 

separately transfected wells. Alternatively, a 6-well plate was transfected, and cells 

were replated onto a 24-well plate for various analyses, including 3 wells for β-

galactosidase assays. For ER293 cells, 25ng pCMVsport-β-galactosidase (Invitrogen) 

and 125ng Flag-tagged expression construct were co-transfected in a 24-well plate. 

Plasmid concentrations were doubled for COS7 cells. ER293 cells were rinsed twice 
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with PBS 24 hours post-transfection, then 100µl of reporter lysis buffer was added to 

each well. Plates were rocked at room temperature for 15 min, then placed on ice 

before harvesting with a cell scraper. Cell debris was removed by spinning at 15 000g 

for 2 min. COS7 cells were harvested 48 hours post-transfection and required more 

rigorous treatment. Following the room temperature incubation, lysates were 

subjected to three freeze-thaw cycles in a dry ice/ethanol bath before scrape-

harvesting. For both cell-types, various dilutions of cell lysate (50µl) were placed in 

the wells of a 96-well plate, followed by an equal volume of 2x assay buffer. Plates 

were incubated until colour developed sufficiently, then the reactions were stopped by 

addition of 150µl 1M sodium carbonate. The absorbance of the samples was 

subsequently read at 420nm. Total protein in the cell lysates was estimated using the 

BCA kit (Pierce) and a BSA standard curve. In order to measure total cell numbers, a 

duplicate 24-well plate was also transfected, and then cells were harvested by 

trypsinisation and subjected to a cell count using trypan-blue exclusion.  

 

3.2.9 Northern blots 

 

Probes were generated using PCR amplification from cDNA or appropriate 

constructs, incorporating DIG-labelled dNTPs (PCR DIG labelling mix, Roche). 

Primers used for: i) the gapdh probe were 5′GAPDH (5′-

TCCTGCACCACCAACTGCTTAGC-3′) and 3′GAPDH (5′-

TGATGTCATCATACTTGGCAG-3′), ii) the luciferase probe were: 5′Luc: (5′-

CCGGAATTCATGGAAGACGCCAAAAACAT-3′) and 3′Luc (5′-

GCTCTAGATTACAATTTGGACTTTCCGC-3′) (Stoecklin, 2004) and iii) the β-

galactosidase probe were: 5′B-gal (5′-CAGCTGGCGCAGGTAGCA-3′) and 3′B-gal 

(5′-CCGCCGATACTGACGGGC-3′). To inhibit transcription and monitor mRNA 

decay, cells were treated with actinomycin D (5µg/ml, Sigma) and cytoplasmic RNA 

was extracted using the method published by Gough (Gough, 1988). A total of 10-20 

µg of RNA was resolved by 1.1% agarose/formaldehyde MOPS gel electrophoresis, 

blotted onto Nytran Supercharge membranes (Schleicher and Schuell) using 8x SSC, 

and hybridised overnight with dioxygenin (DIG)-labelled probes at 50°C in DIG Easy 

Hyb Solution (Roche). Membranes were washed once quickly, and then for 10 min 

with 2x SSC, 0.1% SDS, followed by two 20 min washes with 0.5x SSC, 0.1% SDS 
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at 60°C. Membranes were washed once with DIG wash buffer (100mM Maleic acid, 

150mM NaCl, 1.5% Tween-20) then blocked for 30 min at RT in 1x Blocking 

Reagent (Roche) before addition of alkaline phosphatase-labelled anti-DIG (Roche) 

for 30 min. Membranes were washed 4 x 15 min in DIG wash buffer then 1 x 5 min in 

DIG detection buffer (130mM Tris-Cl, 100mM NaCl) before visualising the signal 

with CDP-Star (Roche). The optical density of bands was assessed using Image J 

software. 

 

3.3 Results 

 

3.3.1 Preliminary evidence that G3BP enhances reporter gene expression 

 

To assess the effect of G3BP over-expression on reporter gene expression, as 

mediated via the c-myc 3′UTR, G3BP1, G3BP2a and G3BP2b were first sub-cloned 

into the pCMV4-Flag mammalian expression vector. Initially, Flag-tagged protein 

expression in ER293 cells was confirmed by Western blot using an anti-Flag antibody 

(Fig. 3.1, Panel A, FLAG). By parallel detection with the polyclonal antibody 115, 

which is specific for endogenous G3BP1 and G3BP2a, it was confirmed that G3BP1 

and G3BP2a sequences were expressed in-frame with the Flag-tag (Fig. 3.1, Panel A, 

115).  

 
Figure 3.1 Confirmation of construct expression. A) G3BP cDNAs were sub-cloned into pCMV4-
Flag (Sigma). The empty vector (FLAG) or pCMV4-Flag-G3BPs (FL-G3BP1, 2a, 2b) were transfected 
into ER293 cells and processed for Western analysis. Resolved protein was probed with a monoclonal 
anti-Flag antibody to prove construct expression. A polyclonal antibody (115) specific for G3BP2a and 
G3BP1 was used to prove in-frame expression. B) The c-myc 3′UTR was cloned into pSG5-luciferase, 
and this construct (Myc), as well as pSG5-luciferase (Luc) were transfected into COS7 cells and 
subsequently processed for Northern analysis with a PCR-generated DIG-probe specific for luciferase. 
Addition of the UTR sequence in Myc clearly increased the size of the transcript. 
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Various cis-acting elements were cloned into the luciferase construct between the stop 

codon and the polyA signal. As shown in Fig. 3.1, Panel B, the luciferase-only 

construct (Luc) produced a transcript of smaller size than the modified construct 

containing the c-myc 3′UTR (Myc), indicating that the UTR was transcribed. 

 

Previously, it was reported that G3BP1’s endoribonuclease activity is 

phosphorylation-dependent, and that G3BP1 is phosphorylated on Ser 149 in serum-

starved cells (Gallouzi et al., 1998; Tourriere et al., 2001). For this reason, the effect 

of G3BP over-expression on luciferase reporter gene levels was assessed in both 

proliferating and serum-starved cells. As shown in Figure 3.2, G3BP1, G3BP2a and 

G3BP2b each induced an increase in reporter expression, regardless of the presence of 

the c-myc 3′UTR in the reporter. Even in serum-starved cells, when G3BP’s 

phosphorylation-state should allow for constitutive endoribonuclease activity, G3BPs 

still induced an increase in the expression of all reporters.  

 

 
Figure 3.2 The effect of G3BP over-expression on a reporter bearing the c-myc 3′UTR in ER293 
cells. The empty vector, pCMV4-Flag (Flag) or Flag-tagged G3BP constructs (G3BP1, 2a and 2b) were 
co-transfected in triplicate with the normaliser renilla and either pSG5-luciferase (Luc) or pSG5-
luciferase-c-myc-3′UTR (Myc), in proliferating or serum-starved ER293 cells, as indicated. Cells were 
harvested 24 hours following transfection by passive lysis. The results were normalised with respect to 
renilla luminescence and the graph shows the average normalised luminescence ± SD, from three 
separately transfected wells. 
 

This data unexpectedly contradicted the notion that G3BP acts to destabilise mRNA 

containing the c-myc 3′UTR. It was thus vital to introduce a number of controls into 

the system, including well-established cis and trans-acting factors, to ensure validity 
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of results. Whilst c-myc contains an AU-rich element in its 3′UTR, there are mixed 

reports concerning its ability to impart transcript instability. The stability of c-myc 

seems to be dictated just as much by coding region instability determinants (CRD) 

(Lemm and Ross, 2002; Yeilding and Lee, 1997; Yeilding et al., 1996) as by regions 

within the 3′UTR. On the other hand, the c-fos 3′UTR contains an AU-rich region 

proven to mediate transcript instability (Chen and Shyu, 1994).  HuR is a protein 

which acts to stabilise such transcripts (Peng et al., 1998), while hnRNPD has been 

reported, in some instances, to promote instability (Loflin et al., 1999). A 500 bp 

region of the c-fos 3′UTR, which contains the destabilising elements, was cloned into 

the luciferase construct, and hnRNPD (p37) and HuR were cloned into the pCMV4-

Flag mammalian expression vector.  

 

G3BP phosphorylation mutants were generated to more directly assess the impact of 

G3BP phosphorylation on its ability to enhance reporter gene expression. Observation 

of phosphorylation mutant behaviour, in particular G3BP1 S149E, which is 

constitutively switched on in terms of in vitro endoribonuclease activity, would show 

with more certainty if G3BPs alter gene expression specifically through the c-myc 

3′UTR. Finally, a G3BP mutant lacking the RNA binding domain (G3BP1 ABC) was 

introduced into the system. The protein expression of Flag-fusion constructs 

containing HuR, hnRNPD and G3BP mutants was confirmed by Western blot 

detection of the Flag epitope (data not shown).  

 

Assays were performed to monitor the effect of various G3BPs and mutants, as well 

as HuR and hnRNPD, on the expression of luciferase, luciferase-c-myc 3′UTR and 

luciferase-c-fos 3′UTR. All G3BPs, including the constitutively active G3BP1 S149E 

mutant, again induced an increase in expression of all reporter constructs, although 

only slightly for the c-fos reporter (Fig. 3.3, Panel A). G3BP1, G3BP2a, G3BP2b and 

G3BP1 S149E had a stronger impact upon reporter expression than any other protein. 

The G3BP1 mutant, G3BP1 ABC, which lacks an RNA binding domain, also caused 

a slight increase in reporter expression of the luciferase-only construct.  
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A. Luciferase Assay 
 

 
B. Sequence Alignment 
 
AUF_full-length      ATGTCGGAGGAGCAGTTCGGCGGGGACGGGGCGGCGGCAGCGGCAACGGCGGCGGTAGGC 60 
AUF_FlagF            ATGTCGGAGGAGCAGTTCGGCGGGGACGGGGCGGCG------------------GTAGGC 42 
                     ************************************                  ****** 
 
AUF_full-length      GGCTCGGCGGGCGAGCAGGAGGGAGCCATGGTGGCGGCGACACAGGGGGCAGCGGCGGCG 120 
AUF_FlagF            GGCTCGGCGGGCGAGCAGGAGGGAGCCATGGTGGCGGCGACACAGGGGGCAGCGGCGGCG 102 
                     ************************************************************ 
 
AUF_full-length      GCGGGAAGCGGAGCCGGGACCGGGGGCGGAACCGCGTCTGGAGGCACCGAAGGGGGCAGC 180 
AUF_FlagF            GCGGGAAGCGGAGCCGGGACCGGGGGCGGAACCGCGTCTGGAGGCACCGAAGGGGGCAGC 162 
                     ************************************************************ 
 
Figure 3.3 The effect of various proteins on the expression of reporters bearing the c-fos 3′UTR 
or the c-myc 3′UTR in ER293 cells. A) The empty vector, pCMV4-Flag (Flag) or various Flag-tagged 
constructs, including full-length G3BP1 (G3BP1), the phosphomimetic mutant G3BP1 S149E 
(G3BP1SE), G3BP2a, G3BP2b, HuR, hnRNPD/AUF37 (hnRNPD), and the G3BP1 truncation mutant 
that does not contain the RNA binding domain, G3BP1 ABC (G1ABC), were co-transfected in 
triplicate with the normaliser renilla and either pSG5-luciferase (Luc), pSG5-luciferase-c-myc-3′UTR 
(Myc), or pSG5-luciferase-c-fos-3′UTR (Fos) in proliferating ER293 cells. Cells were harvested 24 
hours following transfection by passive lysis. The results were normalised with respect to renilla 
luminescence and the graph shows the average normalised luminescence ± SD, from three separately 
transfected wells. Significant differences between expression levels in the control (empty vector) 
versus test sample were determined using a two-tailed, two-sample equal variance T-test (*** P<0.001, 
** P=0.01-0.001, * P=0.01-0.05, NS not significant). B) Sequence alignment of the cloned 
hnRNPD/AUF1 (AUF_FlagF) against the correct full-length sequence (AUF_full-length) (NCBI 
accession # NM_031369). 
 

Both HuR and hnRNPD caused an increase in luciferase-only expression, although 

they did not appear to affect the expression of the c-fos construct, which was their 

specific substrate. These results suggest that many proteins have the potential to 

increase reporter gene expression in this cell line, in a non-specific way. However, 

depending on cell-type and treatment, hnRNPD, the only known destabilising protein 

in the system, can differ markedly in its action on AU-rich element-containing 

transcripts (Xu et al., 2001). In addition, sequencing of the hnRNPD construct showed 
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that it harboured a six-amino acid deletion near the N-terminal (Fig 3.3, Panel B). 

Although the deletion lies outside the RNA binding domains, it may have had an 

impact on protein function. For these reasons hnRNPD may have been an unsuitable 

“destabiliser” control. 

 

Results depicted in Fig. 3.2 and Fig. 3.3 are representative because they demonstrate 

that in multiple experiments G3BP proteins caused an increase in reporter gene 

expression of approximately 1.5- to 3-fold, but that total luminescence values differed 

from one trial to another. Experimental variability was reduced in later trials through a 

slight alteration in the transfection protocol (see Section 3.2.5). It had earlier become 

clear that when firefly luciferase expression was enhanced in the absence of a specific 

cis element, the renilla luciferase expression was also increased, although to a much 

lower degree. Normalisation would therefore have the tendency to slightly 

underestimate the fold change. In the earlier assays, the replicate firefly levels were 

erratic and so normalisation was necessary. However, the new transfection protocol 

produced precise replicate firefly levels and hence normalisation was no longer 

necessary. 

 

The validity of the system remained to be proven, and so TTP, a protein that 

consistently destabilises transcripts containing an AU-rich element, was recruited. As 

shown in Fig. 3.4, alongside further data which will be described below, TTP did 

cause a down-regulation of expression of a reporter containing the c-fos 3′UTR in 

ER293 cells. Observing lanes marked “pcDNA3” and “TTP” only, Panel A shows the 

total luminescence of both empty vector control (pcDNA3) and TTP, while Panel B 

shows the fold-changes in luminescence, as compared to control. It is clear that TTP 

over-expression caused a reduction in the level of expression of the c-fos reporter 

when compared to the empty vector control (pcDNA3). These results show that the 

system was able to accurately monitor the reduction of transcript by measuring the 

level of translated product. 
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Figure 3.4 The effect of G3BP and TTP on the expression of luciferase reporters bearing the c-fos 
3′UTR or a putative G3BP-binding sequence, in ER293 cells. pCMV4-Flag-G3BP1 (G3BP1), the 
phosphomimetic mutant pCMV4-Flag-G3BP1 S149E (G3BP1SE), pcDNA3-Flag-TTP (TTP) or empty 
vector controls (Flag and pcDNA3) were co-transfected in triplicate with pSG5-luciferase (Luc), pSG5-
luciferase-c-fos-3′UTR (Fos) or pSG5-luciferase-cdk9 (cdk), in proliferating ER293 cells. Cells were 
harvested by passive lysis 24 hours following transfection. The graph in Panel A shows the average 
non-normalised firefly luminescence ± SD, from three separately transfected wells. The fold changes in 
luminescence, as determined from the data in A, are presented in Panel B. Significant differences 
between expression levels in the control (empty vector) versus test sample were determined using a 
two-tailed, two-sample equal variance T-test (*** P<0.001, ** P=0.01-0.001, * P=0.01-0.05, NS not 
significant). 
 

3.3.2 G3BP enhances expression of a reporter bearing the SELEX consensus 

binding sequence 

 

Data thus far showed that even the constitutively active G3BP1 S149E mutant caused 

an up-regulation of the reporter bearing the c-myc 3′UTR. This suggested that any 



Chapter 3                                                                                                  G3BP endoribonuclease activity 

 86 

endoribonuclease activity that G3BP harbours has no destabilising effect upon c-myc 

via its 3′UTR, in proliferating ER293 cells.  

 

On close examination of the human c-myc 3′UTR sequence, it was found that it does 

not actually contain the putative binding sequence (UCCCACUCUUU) identified by 

Tourriere and co-authors (2001). Sequence alignment of the: i) mouse c-myc gene, 

exon 3 (NCBI accession #L00039); ii) mouse c-myc open reading frame (ORF) 

(NCBI accession #BC006728); and iii) human c-myc (NCBI accession #D10493), 

showed that the human sequence (D10493) contains a C-A substitution and a C 

deletion within the putative binding region. Interestingly, even the mouse ORF 

(BC006728) harbours the same C deletion (Fig. 3.5, Panel A). 

 
Figure 3.5A Sequence analysis of the human and mouse c-myc 3′UTRs. The human (NCBI 
accession # D10493) and mouse (NCBI accession # L00038/9 and BC006728) c-myc 3′UTR DNA 
sequences were aligned. AU-rich elements (ATTTA) are in bold, as is the putative G3BP1 binding site 
(TCCCACTCTTT). The putative binding site is not conserved in the human sequence (D10493) or the 
mouse sequence derived from cDNA (BC006728). 
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It was important to analyse the effect G3BP had on a reporter bearing putative G3BP 

RNA-binding sites. For this reason, the region of c-myc reported to contain the 

binding sequence, was cloned from murine NIH3T3 cDNA. Sequence analysis 

suggested that the C deletion was present in all clones (Fig. 3.5, Panel B, 3T3). It was 

thought that the cell line may harbour a mutation, so mouse cerebellum cDNA was 

used to clone the region again. Several clones were sequenced, and not only was the 

sequence again “mutated” in all clones, it contained exactly the same “mutation” as 

the NIH3T3 cells (Fig. 3.5, Panel B, CB).  

 

 
Figure 3.5B Sequence analysis of the human and mouse c-myc 3′UTRs. The mouse c-myc 3′UTR 
(MuUTR) was cloned from NIH3T3 cells (3T3) and mouse cerebellum (CB) and subsequently 
sequenced. Several cloned sequences were aligned to the full-length c-myc sequence (NCBI accession 
# L00038/9) and all sequences were shown to harbour a deletion within the putative G3BP1 binding 
region, as boxed. 
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A search of the mouse EST database showed that the putative binding sequence is not 

expressed, but instead the C “deletion” is the norm (Fig 3.5, Panel C). Tourriere and 

co-authors (2001) did show that G3BP1 bound their c-myc substrate, but they did not 

prove that binding was mediated via this particular sequence element. Instead, such 

binding was inferred, based on the fact that this short sequence was isolated by 

SELEX. Therefore, the data presented here does not exclude the possibility that G3BP 

regulates c-myc through the 3′UTR. However, it shows that any in vivo activity G3BP 

has on c-myc is not mediated via the element published by Tourriere and co-authors 

(2001). 

 
Figure 3.5C Sequence analysis of the human and mouse c-myc 3′UTRs. The mouse EST database 
was searched using the mouse 3′UTR (NCBI accession # L00039) as query, with the low complexity 
filter turned off. The putative G3BP1 binding site is in bold. Clearly all ESTs harbour the same deletion 
as both NIH3T3 cells and the mouse cerebellum clones, indicating that the putative binding site does 
not exist in the expressed mouse c-myc 3′UTR.  
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It remained to be addressed whether a transcript containing the consensus binding 

sequence could be destabilised by G3BP over-expression. A 500 bp region of human 

cdk9, which contains an element that matches the best-guess consensus sequence 

(Tourriere et al., 2001), as well as surrounding sequence containing several CA sites 

for G3BP endoribonuclease activity, was cloned into the luciferase construct. The 

results of the luciferase assay are depicted in Fig 3.4. Although TTP had a 

destabilising effect upon the c-fos construct, G3BP once again caused an increase in 

the expression of all constructs, including the cdk9 reporter. This shows that any 

endoribonuclease activity G3BP may have on the target sequence does not translate to 

a reduction in expression of a gene harbouring the element in ER293 cells. 

Unexpectedly, TTP showed a minor positive effect on the luciferase-only and cdk 

reporters. Although the TTP-luciferase-only effect was determined to be insignificant, 

and the effect on cdk was minimal, the possibility remains that the general positive 

effect G3BP has on luciferase gene expression in ER293 cells may be artefact.  

 

3.3.3 Confirmation that G3BP non-specifically enhances reporter gene expression  

 

Thus far, there was no evidence that G3BP’s endoribonuclease activity was functional 

in vivo, thereby affecting the level of c-myc by acting on its 3′UTR. In addition, the 

use of a reporter gene containing a putative G3BP-binding sequence also failed to 

illustrate that G3BP could reduce gene expression by acting as an endoribonuclease. 

Instead, evidence suggested that G3BP acts as a general enhancer of reporter gene 

expression. To determine if G3BP’s effect on reporter gene expression was specific to 

the SV40 promoter or luciferase gene, as contained in the pSG5 luciferase constructs, 

assays were performed using a β-galactosidase reporter construct, controlled by the 

CMV promoter. Cells were co-transfected with Flag-tagged expression vectors and 

the β-galactosidase construct, and enzyme activity was measured. As presented in Fig. 

3.6, Panel A, G3BP1 and G3BP2a were again able to induce an increase in reporter 

gene expression compared to the Flag-only control.  

 

It had previously been reported that G3BP1 over-expression could promote S-phase 

entry (Guitard et al., 2001). Therefore, it was thought that G3BP may increase 

reporter gene expression as a result of increased cell proliferation, or alternatively, as 
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a mechanism through which cell proliferation rates may be enhanced. If this was the 

case, then total protein and total cell number should be increased by G3BP over-

expression. However, it was found that while G3BP increased reporter gene 

expression 2-3 fold (Fig. 3.6, Panel A), this appeared to be neither the cause nor the 

effect of increased cellular proliferation, as there was no significant change in total 

protein or cell number (Fig. 3.6, Panel B). 

 

 
Figure 3.6 The effect of G3BP on β-galactosidase reporter expression, total cell number and total 
protein in ER293 cells. pCMV4-Flag-G3BP1, -G3BP2a, or empty vector (Flag) were co-transfected 
with pCMVsport-β-galactosidase in ER293 cells. 24 hours following transfection, cells were lysed and 
enzyme activity was assessed. The graph in Panel A shows the average enzyme activity, as measured 
by absorbance at 420nm, ± SD, from three separately transfected wells. Protein assays were also 
performed on the cell lysates, and a portion of cells were subjected to a cell count instead of lysis. The 
fold change in reporter gene expression, total protein and total cell numbers (cell count) are graphed in 
Panel B. There was no change in total protein or cell numbers but a 2-3 fold change in enzyme activity 
was observed. Significant differences between expression levels in the control (empty vector) versus 
test sample were determined using a two-tailed, two-sample equal variance T-test (*** P<0.001). 
 

To exclude the possibility that G3BP’s ability to enhance reporter gene expression 

was specific to ER293 cells, further experimentation was carried out in COS7 cells. It 

was first important to prove that proteins previously shown to have a negative impact 

on reporter gene expression behaved similarly in this assay.  

 

Over-expression of G3BP1, 2a and 2b each induced an increase in β-galactosidase 

reporter enzyme activity in COS7 cells, although the fold-change was lower than that 

seen in ER293 cells (Fig. 3.7). In direct contrast, TIA-1, a protein previously shown to 

inhibit translation, caused a decrease in reporter expression in a parallel assay (Fig. 

3.7, Panel A). A phosphorylation mutant of eukaryotic inititation factor 2α (eIF2α) 
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(eIF2αS51D), which mimics the phosphorylation status of eIF2α following stress and 

translational silencing, also caused a down-regulation of reporter activity, as 

compared to control empty vector, pMT, in a subsequent assay (Fig. 3.7, Panel B).  

The G3BP2 phosphorylation mutants (2aSE, 2aSA, 2bSE, 2bSA) were also tested for 

their ability to affect reporter gene expression, and the total β-galactosidase activity 

for each transfection, as measured by absorbance at 420nm, is graphed in Fig. 3.7, 

Panel C. Consistent with wild-type G3BPs, all the G3BP2 phosphorylation mutants 

caused an increase in reporter gene expression.  

 
Figure 3.7 The effect of G3BP on β-galactosidase reporter expression in COS7 cells, as compared 
to proteins that act to inhibit gene expression. In two separate assays, empty vector controls (Flag or 
pMT) or pCMV4-Flag-G3BP1, -G3BP2a, -G3BP2b, and either pcDNA3-Flag-TIA-1 (Panel A) or the 
phosphomimetic mutant of eIF2α, pMT-eIF2αS51D (eIF2alphaP) (Panel B), were co-transfected with 
pCMVsport-β-galactosidase in COS7 cells.  Cells from three separately transfected wells were 
harvested 48 hours following transfection and enzyme assays were performed. Significant differences 
between expression levels in the control (empty vector) compared to test sample were calculated by a 
two-tailed, two-sample equal variance T-test (*** P<0.001, ** P=0.01-0.001). Panel C shows further 
data obtained form the experiment described in Panel B. The graph shows the average enzyme activity, 
as measured by absorbance at 420nm, ± SD, from three separately transfected wells, for wild-type 
G3BPs as well as G3BP2a and 2b phosphomimetic (2aSE, 2bSE) and non-phosphorylatable (2aSA, 
2bSA) mutants. All G3BPs, including the phosphorylation mutants, caused an increase in reporter gene 
expression, while TIA-1 and eIF2alphaP reduced reporter levels. 



Chapter 3                                                                                                  G3BP endoribonuclease activity 

 92 

It is important to note that the basal level of reporter expression in pMT-only 

transfected cells was higher than that seen for Flag-only. The pMT construct encodes 

a viral 5′-leader sequence that renders the transcript resistant to the inhibitory effects 

of TIA-1 (a translational silencer). It also encodes a viral RNA that inhibits protein 

kinase R (PKR), which would normally promote phosphorylation of eIF2α and 

translational shut-off. This vector is utilised to over-express the eIF2αS51D mutant, 

which would otherwise severely inhibits its own expression (Nancy Kedersha, 

Brigham and Women’s Hospital, Boston, personal communication). However, these 

properties mean that transfection of this construct alone may have a positive effect on 

gene expression. Nevertheless, it is clear that over-expression of eIF2αS51D caused a 

down-regulation of reporter gene expression. 

 

The level of extractable luciferase in COS7 cells was too low to allow for analysis by 

enzyme assays. Instead, Western blots with an antibody specific to luciferase were 

utilised. β-galactosidase levels in COS7 cells were also measured by Western blot. 

The lysis method used to isolate protein for Western analysis ensured consistent and 

complete protein extraction from each well, similar to the technique used for enzyme 

assays, and an equivalent volume of each extract was used in order to achieve equal 

loading.  

 

If the over-expression of a particular protein were to cause an increase in total cell 

number, then this would presumably lead to an increase in the amount of protein 

loaded. As shown in all Panels in Fig. 3.8, Ponceau S staining gives an indication that 

the loading from sample-to-sample was approximately equal, again suggesting that 

G3BP over-expression does not cause an increase in total cellular protein. In another 

experiment, HuR was used as an affirmation of equal loading (Fig. 3.8, Panel B).  

 

In COS7 cells, G3BP1, G3BP1 S149E (phosphomimetic mutant) and G3BP1 S149A 

(non-phosphorylatable mutant) each enhanced the expression of luciferase-c-myc 

3′UTR, as compared to the Flag-only vector. In the same assay, G3BP1 and the 

phosphorylation mutants also caused an increase in β-galactosidase expression (Fig. 

3.8, Panels A and A1).  
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Figure 3.8 The effect of G3BP1 and TTP on the expression of various reporter constructs in 
COS7 cells.  A) pCMV4-Flag (FLAG), pCMV4-Flag-G3BP1 (FL-G3BP1), G3BP1 phosphomimetic 
(FL-G1SE) or non-phosphorylatable (FL-G1SA) mutants were over-expressed in COS7 cells along 
with pSG5-luciferase-c-myc 3′UTR (Luc-myc-utr) and pCMVsport-β-galactosidase (B-gal). Cells were 
lysed directly in the well 48 hours following transfection and subjected to SDS-PAGE. All forms of 
G3BP caused an increase in reporter levels as determined by Western blot. Ponceau S staining was 
used to visualise sample load and is illustrated above the Western data. Optical density of each band 
was determined using Image J software, and normalised compared to a specific Ponceau S stained 
band. Fold changes in gene expression caused by over-expression of Flag-tagged G3BP1 (G3BP1), 
G3BP1 S149E (G3BP1SE) or G3BP1 S149A (G3BP1SA) are graphed in Panel A1. B) pCMV4-Flag 
(FLAG), pCMV4-Flag-G3BP1 (FL-G3BP1), pcDNA3, or pcDNA3-Flag-TTP (FL-TTP) were over-
expressed in COS7 cells along with the p7B T7-tagged β-globin (T7-globin) reporter construct. Cells 
were harvested as described in Panel A. Reporter expression (T7-globin) was detected by Western blot, 
and sample load was assessed using both Ponceau S staining and endogenous HuR (loading control) 
detection. G3BP1 again caused an increase in reporter gene expression. Optical density of test bands 
was determined using Image J software, and normalised compared to HuR bands. Fold changes in gene 
expression caused by over-expression of Flag-tagged G3BP1 (G3BP1) or pcDNA3-Flag-TTP (TTP) 
are graphed in Panel B1. C) pcDNA3, pcDNA3-Flag-TTP (FL-TTP), pCMV4-Flag (FLAG) and 
pCMV4-Flag-G3BP1 (FL-G3BP1) were over-expressed in COS7 cells along with pCMVsport-β-
galactosidase (B-gal) and either pSG5-luciferase-c-fos 3′UTR (Fos) or pSG5-luciferase-c-myc 3′UTR 
(Myc), as indicated below the blot. Cells were harvested as described in Panel A. All reporter gene 
levels were reduced by TTP over-expression and increased or maintained by G3BP over-expression, as 
detected by Western blot. 
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In another experiment, COS7 cells were transfected with a T7-tagged β-globin 

reporter, and again G3BP1 caused an increase in reporter gene expression (Fig. 3.8, 

Panels B and B1). This further supports the suggestion that G3BP is able to increase 

reporter gene expression, irrespective of coding sequence differences in the reporter 

construct.  

 

Interestingly, the level of β-globin reporter protein was reduced in the TTP-

transfected cells, even though the mRNA contained no specific cis-acting element. 

Both the Ponceau S staining and the HuR loading control suggest that the total protein 

loaded was slightly less in the TTP transfection, making it difficult to draw any 

conclusions about the effect TTP had on globin reporter levels by visualisation alone. 

However, normalised optical density data confirmed that TTP did decrease T7-globin 

reporter levels (Fig. 3.8, Panel B1). This result suggested that if the level of protein 

over-expression is high enough, proteins with specific destabilising activity may have 

a tendency to decrease the expression of any reporter.  

 

This idea was tested by over-expression of TTP in the presence of various reporter 

gene constructs (Fig 3.8, Panel C). The expression of a luciferase reporter containing 

the c-fos 3′UTR, which harbours a specific element targeted for destabilisation by 

TTP, became undetectable on co-expression of TTP. However, it was found that over-

expression of TTP can cause a more modest decrease in the level of co-transfected 

luciferase and β-galactosidase reporters, even in the absence of elements known to be 

targeted by TTP.  

 

In parallel assays, it was shown once again that G3BP1 caused an increase in the level 

of β-galactosidase reporter, but for the first time, it did not increase the level of co-

transfected luciferase-c-myc 3′UTR (Fig. 3.8, Panel C). It is possible that G3BP 

preferentially targets the β-galactosidase reporter, although this did not appear to be 

the case in the previous experiment, where both reporter genes were upregulated 

simultaneously (Fig 3.8, Panel A). Another possible reason for this inconsistency will 

be addressed in more detail in Section 3.3.5. 
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3.3.4 G3BP increases reporter mRNA expression  

 

In order to assess whether G3BP affects reporter gene expression at the level of 

transcription, transcript stability or translation, reporter protein and mRNA were 

assessed in parallel. COS7 cells were co-transfected with β-galactosidase reporter and 

either 1) full-length G3BP1, 2) a G3BP1 mutant lacking the RNA binding domain 

(G3BP1 ABC), or 3) eIF2α S51D, which acts to inhibit translation. For each 

combination of vectors, a single 10 cm dish of cells was transfected and then replated 

24 hours later into separate dishes for protein and mRNA analysis. Cells were 

harvested following another 24-hour incubation.  

 

 
Figure 3.9 The effect of G3BP1 and eIF2αS51D over-expression on reporter mRNA and protein 
levels in COS7 cells. pCMV4-Flag (FLAG), pCMV4-Flag-G3BP1 (FL-G3BP1), pCMV4-Flag-
G3BP1-ABC (FL-G1ABC), pMT or pMT-eIF2αS51D (-eIF2alphaP) were over-expressed in COS7 
cells along with pCMVsport-β-galactosidase. Cells were harvested for RNA (northern) and protein (β-
galactosidase assay) analysis 48 hours following transfection. Fold changes in optical density of bands 
detected for reporter mRNA compared to gapdh mRNA, in control- versus G3BP1-transfected cells, 
are graphed alongside fold changes in β-galactosidase activity (Protein) in Panel A. The raw northern 
data are presented in Panel B. G3BP1 over-expression caused an increase in both reporter mRNA and 
protein levels. 
 

G3BP1 increased reporter protein levels by 2.5 fold, which was higher than 

previously noted (Fig. 3.9, Panel A). However, cells were transfected in larger dishes 

than previously, and so the relative proportion of transfection reagents and cell 

density were inevitably altered. In addition, the COS7 cells were from a different 

source to those used in the earlier β-galactosidase assays. Nevertheless, G3BP1 again 
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induced an increase in reporter gene expression, and this directly correlated with a 

concomitant increase in the level of reporter mRNA (Fig. 3.9, Panel B).  

 

As previously noted in ER293 cells, the G3BP1 ABC mutant also induced a minor 

increase (1.2 fold) in reporter gene expression, at both the level of protein and mRNA. 

Again, this suggests that the effect is not completely reliant upon the presence of an 

RNA binding domain, but may be partly influenced by other elements within a 

protein. Reporter protein levels were reduced to half their control levels upon over-

expression of eIF2α S51D (Fig. 3.9, Panel A), but in this case, mRNA levels were not 

decreased to the same degree (Fig. 3.9, Panel B). This is consistent with inhibition of 

protein translation by phosphorylated eIF2α rather than transcription inhibition or 

transcript destabilisation. 

 

It appeared that G3BP1 increased reporter gene expression primarily at the level of 

transcription or transcript stability. In an attempt to observe G3BP1’s effect on 

transcript stability, cells were again co-transfected with β-galactosidase reporter and 

either G3BP1 or G3BP1 ABC constructs. Prior to harvesting, cells were treated with 

actinomycin D to inhibit transcription. As illustrated in Fig 3.10, Panel A, over the 

three-hour time-course, β-galactosidase mRNA remained stable, so it was not possible 

to assess a G3BP-induced positive effect upon reporter mRNA stability. However, it 

was confirmed that G3BP1 caused a strong increase in steady-state levels of reporter 

transcript, while G3BP1 ABC had little effect. 

 

In further attempts to assess reporter mRNA stability, the effect of TTP and G3BP1 

on the stability of luciferase-c-myc 3′UTR mRNA, over a three-hour actinomycin D 

time-course, was observed by Northern blot. In this experiment, G3BP1 neither 

increased the expression of luciferase protein (Western blot, Fig. 3.8, Panel C), nor 

the level of luciferase mRNA (Northern blot, Fig. 3.10, Panel B). The mRNA was 

stable over a three-hour actinomycin D time-course, so a G3BP-mediated increase in 

mRNA stability could not have been assessed, but G3BP certainly did not destabilise 

the mRNA, unlike TTP. In addition, the size and integrity of the transcript did not 

change, indicating that G3BP does not act as an endoribonuclease on the c-myc 

3′UTR. 
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Figure 3.10 Further investigation into the effect of G3BP1 over-expression on reporter mRNA 
levels in COS7 cells. pCMV4-Flag (Flag), pCMV4-Flag-G3BP1ABC (G1ABC), pCMV4-Flag-G3BP1 
(G3BP1), pcDNA3 or pcDNA3-Flag-TTP (TTP) were over-expressed along with A) pCMV4sport-β-
galactosidase (B-gal) or B) pSG5-luciferase-c-myc-3′UTR (Luc), in COS7 cells. Cells were treated 
with actinomycin D to inhibit transcription. Reporter mRNA and gapdh (loading control) levels were 
detected by Northern blot. Panel A1: The optical density of bands detected for β-galactosidase reporter 
mRNA compared to gapdh mRNA were determined for each time-point (0, 1.5, 3 h), and because each 
band density was essentially the same, the mean value was graphed. Significant differences between 
expression levels in the control (Flag, empty vector) compared to test samples were calculated by a 
two-tailed, two-sample equal variance T-test (* P<0.05, NS not significant). 
 

3.3.5 G3BP may affect reporter gene expression in a dose-dependent manner  

 

The cells subjected to the actinomycin D trial depicted in Fig. 3.10, Panel A were also 

harvested for Western analysis prior to actinomycin D treatment. The cells were 

replated at two densities, one which allowed for a 100% confluent harvest, and 
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another for a sub-confluent harvest. Total protein from cell lysates was resolved by 

SDS-PAGE and subjected to Western blot analysis with anti-Flag and anti-β-

galactosidase antibodies.  

 

Cells from the sub-confluent harvest did not present with increased reporter gene 

expression following G3BP1 over-expression (Fig. 3.11, Panel A). However, the 

confluent cells exhibited the same behaviour as previously observed; that is, G3BP1 

over-expression caused an increase in reporter gene expression, as visualised by an 

increase in β-galactosidase band intensity. Importantly, the latter cells also presented 

with higher levels of G3BP1 over-expression.  

 

Further trials failed to produce a consistent correlation between cell density and 

reporter gene expression. However, transfection of cells with various levels of 

pCMV4-Flag-G3BP1, along with a constant amount of pCMVsport-β-galactosidase, 

suggested that G3BP1 affects reporter expression in a dose-dependent manner. That 

is, as the level of transfected G3BP1 construct increased, so too did the level of 

reporter expression, as detected by enzyme assay (Fig 3.11, Panel B, G0.9 and G1.8) 

and confirmed by Western blot (Fig. 3.11 Panel C, lanes -, G0.9, G1.8). In addition, 

co-transfection of G3BP1 with another protein previously shown to increase reporter 

gene expression, Fas-activated serine/threonine phosphoprotein (FAST) (Li et al., 

2004), caused an increase in reporter levels higher than that which either protein could 

produce independently. This was shown by both β-galactosidase assay (Fig. 3.11, 

Panel B) and Western blot (Fig. 3.11, Panel C). Taken together, these results suggest 

that various factors may act synergistically or in complex with G3BP, and are 

influenced by variations in cell density or nutrient availability. These factors may 

affect G3BP expression levels and/or functionality, and the context-specific nature of 

the various interactions could explain the occasional instance in which G3BP does not 

increase reporter gene expression.   
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Figure 3.11 The effect of cell density and exogenous G3BP1 levels on reporter gene expression in 
COS7 cells. A) pCMV4-Flag (Flag), pCMV4-Flag-G3BP1 ABC (G1ABC) and pCMV4-Flag-G3BP1 
(G3BP1) were co-transfected with pCMVsport-β-galactosidase and re-plated 24 hours following 
transfection at two different densities. Cells were harvested (sub-confluent and 100% confluent) after a 
further 24 hour incubation and subjected to Western analysis to detect reporter (B-gal) and Flag-tagged 
(Flag) proteins. B) A total of 2.1µg of DNA, including compensating levels of empty vector, with 
0.9µg or 1.8µg pCMV4-Flag-G3BP1 (G0.9, G1.8), or a combination of 0.9µg of G3BP1 and 0.9µg of 
pEF-myc-FAST (G0.9/F0.9), or 0.9µg FAST (F0.9), each along with a constant 0.3µg of pCMVsport-
β-galactosidase, was transfected into COS7 cells in a 6-well plate. Cells were re-plated into 3 wells of a 
24-well plate 24 hours following transfection, and harvested for β-galactosidase assays after a further 
24 hours. Fold changes in activity were graphed, and significant differences between expression levels 
in the empty vector control versus test samples were determined using a two-tailed, two-sample equal 
variance T-test (*** P<0.001). C) A duplicate portion of cells from B were re-plated onto a 12-well 
plate 24 hours following transfection and harvested for Western analysis after another 24 hours. 
Reporter (B-gal), flag-tagged G3BP1 (Flag) and myc-tagged FAST (myc) expression were each 
detected with specific antibodies. The lanes marked (-) refer to the empty vector controls. All other 
labels are as per Panel B. 
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3.4 Discussion 

 

The work summarised in this chapter was initiated in an attempt to assess the reported 

in vitro endoribonuclease activity of G3BP in the in vivo context. The absence of an 

identifiable ribonuclease domain within any G3BP family member prompted 

misgivings about the in vitro data, which suggested G3BP1 (and G3BP2) could 

degrade the c-myc 3′UTR (Gallouzi et al., 1998; Irvine et al., 2004). However, there 

was some indirect in vivo evidence to back up the data: that is, cells which lacked the 

active, phosphorylated form of G3BP1 exhibited delayed c-myc mRNA decay 

(Tourriere et al., 2001). Conversely, it had been shown that human cancers over-

express G3BP1 and c-Myc simultaneously (Guitard et al., 2001), and that both 

proteins have a positive effect on cell growth and proliferation. The conflicting nature 

of these reports meant that it was important to more directly investigate the effect of 

G3BP on c-myc mRNA via the 3′UTR. 

 

G3BP over-expression does not down-regulate or induce cleavage of a reporter 

bearing the c-myc 3′UTR. Contrary to expectations that G3BP should cause a down-

regulation of expression of a luciferase reporter bearing the c-myc 3′UTR, initial 

investigations suggested that G3BP not only caused an up-regulation of such a 

reporter, but it also seemed to increase expression of the luciferase-only reporter. 

Conversely, TTP, a well-documented and unambiguous destabiliser of ARE 

transcripts, caused a down-regulation of a target luciferase construct bearing the c-fos 

ARE. Although TTP caused a minimal increase in expression of another reporter in 

ER293 cells, the result suggests that if the correct binding element is present in the 

reporter, a destabilising protein will cause a down-regulation of reporter expression in 

this system.  

 

The initial use of hnRNPD as an ARE-destabilising control produced disconcerting 

results. This construct caused a non-specific increase in reporter gene expression, 

while producing no significant effect on its specific target reporter, pSG5-luciferase-

c-fos 3′UTR. The presence of a deletion in the cloned hnRNPD construct does 

minimise the impact of this data. More importantly however, despite the widely 

appreciated fact that hnRNPD functions in the destabilisation of ARE transcripts, 
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there are also reports which suggest versatile and cell type-specific hnRNPD 

activities. In particular, although hnRNPD has been documented to negatively 

regulate ARE transcripts in K562 leukemic cells, it has actually been shown to 

stabilise the very same transcripts in NIH3T3 cells (Xu et al., 2001).  

 

The results imply that G3BP proteins, like hnRNPD, have apparently conflicting 

functions. Although others have shown that G3BP’s endoribonuclease activity is 

reliant upon phosphorylation at Ser149, which occurs naturally in serum-starved cells 

(Tourriere et al., 2001), neither serum starvation, nor over-expression of a G3BP1 

Ser149 phosphomimetic mutant, altered G3BP’s positive effect on reporter gene 

expression. This again suggests that G3BP does not act as endoribonuclease on the c-

myc 3′UTR, at least not in a way that leads to transcript instability with subsequent 

down-regulation of translated product. Furthermore, Northern analysis showed that 

G3BP1 over-expression does not cause a change in the size or integrity of the 

luciferase-c-myc 3′UTR transcript, suggesting that there is no G3BP endoribonuclease 

target site within the c-myc 3′UTR.  

 

The c-myc 3′UTR does not contain the proposed G3BP binding element. Sequence 

analysis also cast doubt on the notion that G3BP interacts with c-myc through the 

3′UTR. Previous work showed that the proposed binding sequence within the 

synthetic substrate modelled from the murine c-myc 3′UTR did not match the 

SELEX-generated consensus sequence, but instead, was a perfect match for an 

individual sequence pulled out by SELEX (Tourriere et al., 2001). Surprisingly, as 

described in the results section, this sequence was not conserved in the human c-myc 

3′UTR. If G3BP has an important role in regulating the expression of c-myc by 

binding to this element, then this sequence would presumably be conserved from 

mouse to human. Of significance is that cloning of the murine c-myc 3′UTR, using 

cDNA from two different origins, revealed that the sequence is not even conserved in 

mouse. Finally, analysis of the mouse EST database showed that the sequence is not 

expressed at all. The sequence presumably exists in some genes, and could still be a 

relevant G3BP target, but it is not present in the c-myc 3′UTR.  
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The discovery that the putative binding site within the c-myc 3′UTR was absent in any 

real c-myc transcript meant that it was necessary to examine how G3BP affects a 

reporter bearing a sequence matching the consensus binding sequence. Since G3BP1 

was recently shown to bind cdk9 mRNA (Lypowy et al., 2005), the region of cdk9 

harbouring the consensus binding sequence was cloned into the luciferase construct. 

However, it was shown in this chapter, that G3BP positively regulated the expression 

of a reporter bearing the consensus binding sequence, again questioning the in vivo 

functionality of G3BP in vitro endoribonuclease activity. Although the sequence was 

obtained from the cdk9 coding region, and cloned into the 3′UTR of the reporter, the 

consensus sequence is present within the 5′UTR, coding region or 3′UTR of a variety 

of genes, with no particular preference for the coding region, and therefore G3BP 

should be able to target it from any location (Tourriere et al., 2001). Of interest, it was 

recently revealed that HuR, a protein previously established to stabilise transcripts 

containing an ARE in the 3′UTR, can also inhibit the translation of Type 1 insulin-

like growth factor receptor (IGF-IR) by binding a non-ARE element present in its 

5′UTR (Meng et al., 2005). Therefore, it may be worthwhile to examine how the 

position of a binding sequence along the transcript may affect G3BP activity. 

However, it would first be important to identify and confirm valid binding sequences. 

 

G3BP endoribonuclease activity may be context specific. Further investigation of 

G3BP’s putative endoribonuclease activity is still warranted, because the work 

presented here does not rule out the possibility that G3BP acts as an endoribonuclease 

either i) on novel unidentified targets or ii) under specific unidentified conditions. 

Firstly, the position and even the identity of the target sequence may not have been 

appropriate for G3BP endoribonuclease activity in any of the reporter constructs used. 

Therefore, it is imperative that valid target sequences be identified before further 

work in this area is pursued. In addition, it is possible that the endoribonuclease 

activity is inhibited by binding of other trans-acting factors, under the cellular 

conditions of the assays presented here. Alternatively, for in vivo activity, G3BP may 

require the presence of certain co-factors, which were not present in the context of 

these assays. As mentioned above, proteins can exhibit opposing functions depending 

on the cell-type and treatment. It has been suggested that G3BP determines the fate of 

mRNAs in the context of specific, signal-induced mRNP complexes, because G3BP 
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has been isolated as a member of various cell-type and treatment specific mRNP 

complexes, including translationally-silent SGs (Angenstein et al., 2002; Atlas et al., 

2004; Tourriere et al., 2003). It is possible that in the context of these assays, G3BP 

was not coming into contact with its substrate mRNA, and that this contact is only 

induced following specific cell signals. Ligand binding may be prevented by 

unsuitable physical localisation of protein or RNA, or alterations in RNA secondary 

structure. For example, it has been shown that different protein subsets interact with 

the 5′UTR of IGF-IR depending on induced changes in secondary RNA structure in 

vitro, and it is hypothesised that such structural changes may influence cell type and 

signal specific expression of various proteins in vivo (Meng et al., 2003).  

 

There is also the intriguing possibility that G3BP’s endoribonuclease activity 

mediates something other than transcript instability. For instance, the cytoplasmic 

endoribonuclease activity of a multifunctional ER-associated protein, Ire1, mediates 

an unconventional form of splicing and transcript activation, rather than transcript 

instability (Gonzalez et al., 1999). Ire1 is activated during ER stress to cleave the 

translationally-silent mRNA of the transcription factor XBP1/Hac1p, causing the 

deletion of an intron. This converts the transcript into a translationally-competent 

state, allowing the transcription factor to be translated and to subsequently induce 

expression of genes required for an appropriate stress response (Gonzalez et al., 

1999). It may be useful in the future to further examine the behaviour of the G3BP, in 

the context of different cell types and treatments, and to monitor the effect of over-

expression on the level and integrity of various reporter and endogenous transcripts. 

Preceding this, the identification of G3BP RNA binding partners would better 

facilitate guided pursuit of G3BP’s roles in mRNA metabolism, and this is addressed 

in Chapter 5.  

 

G3BP may positively regulate target gene expression. Although G3BP 

endoribonuclease activity could not be ruled out, in several assays it was clearly 

shown that G3BP caused a general increase in the level of reporter gene expression, 

irrespective of the type of promoter, coding sequence or 3′UTR. G3BP had earlier 

been reported to promote cellular proliferation (Guitard et al., 2001), and very recent 

studies in KO MEFs prove this (Zekri et al., 2005). Therefore, it was thought that this 
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may be why reporter gene expression was increased in these assays. However, the 

data presented in this chapter suggest that, in the short time-frame of these 

experiments, G3BP did not cause a general increase in cellular protein or cell 

numbers, at least not to an extent that could explain the degree to which it was able to 

up-regulate reporter gene expression. This data does not conflict with reports that 

G3BP promotes cell proliferation and growth, because the most definitive assay 

performed on G3BP knockout MEFs, was performed over the course of eight days 

(Zekri et al., 2005). On the other hand, it does show that the up-regulation of reporter 

gene expression, in the context of these assays, is not caused by an increase in cell 

number. Instead, this increase in gene expression may precede or even facilitate an 

increase in cell proliferation. 

 

G3BP was able to stimulate an increase in reporter gene expression in ER293 and 

COS7 cells, and this result was validated in parallel assays, in which proteins known 

to inhibit translation caused a reduction in reporter gene expression. TTP, a protein 

which specifically mediates destabilisation of ARE transcripts, mediated a reduction 

in the expression of a specific target reporter, in two different types of assays. 

Conversely, hnRNPD and HuR, proteins with the potential to stabilise ARE-

containing transcripts, displayed low specificity in ER293 cells, in that they were able 

to increase the expression of a range of reporters, albeit to a lower degree than that 

seen for G3BP. However, it was also shown that in COS7 cells, TTP had a tendency 

to reduce reporter gene expression in a non-specific way, without causing a reduction 

in endogenous transcript levels (gapdh). This data shows that if a protein is over-

expressed to a high enough degree, it may act upon non-specific reporter genes, but 

not non-specific endogenous transcripts, in a way analogous to its action upon 

specific targets. Hence, G3BP’s positive effect on reporter gene expression may be 

indicative of its target-specific functions. Again, the answer to this can only be 

determined with any degree of certainty once specific G3BP RNA targets have been 

identified. 

 

It could be useful to further investigate TTP, hnRNPD and HuR activity, as well as 

the activity of other proteins with known specific mRNA stabilising and destablising 

activities, to prove the hypothesis that specific protein function may be inferred 

through observation of non-specific behaviour in reporter assays. However, this was 
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beyond the scope of the project, which set out to examine the specific roles of the 

G3BP family of proteins in RNA metabolism.  

 

The data presented here support very recent reports which implicate G3BP in the 

positive regulation of some genes. Given G3BP’s putative endoribonuclease activity, 

Zekri and collaborators (2005) were surprised to discover that G3BP KO leads to up- 

or down-regulation of various genes, at approximately equal rates. Lypowy and co-

authors (2005) found that G3BP associates with cdk7 and cdk9 mRNA, affecting the 

expression of their translated products in opposite ways – lack of G3BP binding was 

associated with decreased Cdk7 and increased Cdk9 protein. These authors also 

showed that RasGAP-induced upregulation of global transcription was caused by 

increased RNA polII activity, mediated via alterations in the expression of the RNA 

polII kinase, Cdk7. RasGAP knockdown led to the release of cdk7 mRNA from 

G3BP1, with an associated decrease in Cdk7 protein. The authors inferred that this 

may be due to reduced cdk7 mRNA stability in the absence of G3BP binding. It is 

interesting that G3BP RNA binding has the ability to indirectly affect transcription, as 

this shows that not only can G3BP increase the expression of specific RNA targets, 

but by this very action, it may also mediate a global increase in gene expression. 

Interestingly, G3BP was earlier implicated in gene transcription, as it was shown to 

facilitate the cytoplasmic transcription of vaccinia virus (Katsafanas and Moss, 2004), 

and may also affect the transcriptional activity of NFκB (Prigent et al., 2000).  

 

Summary. This work was unable to exclude the possibility that G3BP can act as an 

endoribonuclease, but since the ARE destabilising protein, TTP, behaved 

appropriately in these assays, it suggests that if G3BP acts to degrade transcripts it 

does so only under very specific conditions. It is also conceivable that G3BP 

endoribonuclease activity functions in a non-conventional manner that does not lead 

to transcript instability. In addition, the data presented here support the recent studies 

of other groups, which suggest that G3BP has the ability to up-regulate the expression 

of certain transcripts and in some instances even enhance global transcription. 

  

It is becoming increasingly clear that individual RNA binding proteins are often 

multi-functional, and even able to induce opposing effects, depending on cell-type 

and environmental context. This is clearly illustrated by the versatile roles of 
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hnRNPD in mediating mRNA stability (Xu et al., 2001). It is also apparent that many 

processes are far more complicated than previously thought, a case in point being the 

recent discovery of RISC involvement in ARE decay (Orban and Izaurralde, 2005).  

 

Based on the data presented here, in combination with reports of others, it is 

hypothesised that G3BP functions in a signal-specific fashion to stimulate or enhance 

the expression of a range of transcripts and thereby promote cellular proliferation 

and/or survival. This would be consistent with its hypothesised role in tumorigenesis, 

as proteins such as eIF4E, which promote gene expression, are over-expressed in 

cancers and induce cellular transformation (Avdulov et al., 2004). In contrast, TTP, 

which promotes decay of growth factor and early response gene mRNAs, acts as a 

tumour suppressor (Stoecklin et al., 2003). G3BP may also have the ability to down-

regulate the expression of various transcripts, and depending on the specific 

transcripts, this too may be consistent with a role in cell proliferation or survival.  

 

Whatever the case, it is clear that to reduce ambiguity of results, further study of 

G3BP’s roles in RNA metabolism must be performed within the context of a 

particular system, in which the protein and RNA interactions are induced for the 

purpose of specific cellular outcomes. In addition, it will be imperative to identify 

specific RNA targets of G3BP. Each of these research goals is addressed in the 

following chapters. Chapter 4 reports the specific localisation and function of G3BPs 

in response to stressful stimuli, while Chapter 5 details the implementation of a pilot 

study to identify novel G3BP RNA binding partners. 
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CHAPTER 4 

 

Analysis of the roles of G3BP proteins in stress granule formation 

and the integrated stress response 
 

4.1 Introduction 

 

The various activities of the G3BP family of proteins, and many other RNA binding 

proteins, appear to be dependent upon specific signals and cellular contexts, which 

influence post-translational modification and substrate or ligand availability. 

Nevertheless, a general theme in G3BP functionality is one of cell proliferation and 

survival. Several studies have shown that G3BP expression is switched on in parallel 

with proliferation and de-differentiation (Barnes et al., 2002; French et al., 2002; 

Guitard et al., 2001; Kociok et al., 1999) and G3BP1 knockout mice exhibit neonatal 

lethality, foetal growth retardation and massive neuronal cell death (Zekri et al., 

2005). In addition, knockout MEFs proliferate more slowly than their wild-type 

counterparts (Zekri et al., 2005). The data presented in the previous chapter showed 

that G3BPs may enhance the expression of a range of transcripts, also supporting a 

role for G3BP in cell proliferation. Further evidence of a role for G3BP in promoting 

gene expression is found in the fact that both G3BP1 and G3BP2 have been purified 

as components of active-translating mRNPs (Angenstein et al., 2002; Atlas et al., 

2004). In contrast, G3BP1 was recently implicated in the formation of stress granules 

(SG), translationally-silent sites of mRNA sorting (Tourriere et al., 2003).  

 

G3BPs and stress granule formation. Just as G3BP’s in vitro endoribonuclease 

activity is reported to be phosphorylation-dependent, so too is its sub-cellular 

localisation. These events are likely to be inter-dependent, because when a protein is 

activated, re-localisation may be necessary for contact with appropriate substrates and 

ligands. A previous study showed that G3BP1 localisation to SGs was influenced by 

phosphorylation. Both GFP-G3BP1 and a GFP-G3BP1 Ser149Glu phosphomimetic 

mutant (GFP-G3BP1 S149E) were recruited to SGs, but the mutant had a reduced 

capacity to induce spontaneous SG formation (Tourriere et al., 2003). This suggests 
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that altered states of phosphorylation affect G3BP functionality, and may explain the 

diverse and often contrasting roles G3BPs play in regulating gene expression. 

 

It was initially thought that an auto-aggregating RNA binding protein, TIA-1 was 

instrumental in SG formation, because it induced spontaneous SGs, and 

concomitantly caused a decrease in reporter gene expression, consistent with a role 

for the SG in suspended translation (Kedersha et al., 1999). It has now been shown 

that over-expression of several proteins, including G3BP1 (Tourriere et al., 2003), 

which was shown in the previous chapter to increase reporter gene expression, can 

also induce spontaneous SG formation. The functionality of these spontaneous SGs is 

uncertain; however, it is apparent that SGs are highly dynamic sorting stations for 

mRNAs, and not merely sites of stalled mRNA translation.  

 

Stress granules, the integrated stress response and cell survival. Stress granules 

normally form in response to stressful stimuli. When cells are exposed to a range of 

stresses, such as nutrient deprivation, viral infection, or oxidative damage, different 

members of a kinase family can be activated, each of which mediates phosphorylation 

of eukaryotic initiation factor 2α (eIF2α) on Ser 51, the common response to stresses 

of many descriptions (Holcik and Sonenberg, 2005). Normally eIF2α forms a 

complex with the initiator tRNA, allowing for GTP-dependent loading onto the 40S 

ribosomal subunit with subsequent initiation of translation. However, when eIF2α is 

phosphorylated, GTP–GDP exchange is prevented and the active ternary complex is 

unable to form, leading to global translation inhibition (Krishnamoorthy et al., 2001). 

At the same time, the phosphorylation of eIF2α mediates selective translation of 

survival factors, such as Activating transcription factor 4 (ATF4), which is a 

transcription factor normally expressed at low levels, that induces the expression of 

proteins involved in amino acid import, glutathione biosynthesis, and resistance to 

oxidative stress (Holcik and Sonenberg, 2005). In this way, eIF2α phosphorylation 

initially functions to protect cells from stress (McEwen et al., 2005; Scheuner et al., 

2001). 

 

Phosphorylation of eIF2α is also required for SG formation (Kedersha et al., 2005; 

Kedersha et al., 1999; McEwen et al., 2005). When eIF2α is phosphorylated, the 
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stalled pre-initiation complexes aggregate to form SGs (Kedersha et al., 2002), and 

this appears to be mediated by auto-aggregating RNA-binding proteins like T-cell 

internal antigen-1 (TIA-1) (Gilks et al., 2004) and G3BP1 (Tourriere et al., 2003). 

SGs appear to be highly dynamic sorting stations for stalled mRNAs. SGs can fuse 

with processing bodies (P-bodies), which are discrete sites of mRNA degradation 

(Kedersha et al., 2005), and SGs are also in dynamic equilibrium with the polysome. 

When stress is removed, SGs rapidly disassemble, co-incident with polysome 

reassembly and active translation (Kedersha et al., 2000).  

 

Although the precise role of the SG in the stress response is not known, it is known 

that adaptation to stress is an integral part of cancer formation and progression. 

Stressful signals can directly cause DNA damage and genetic mutation that can lead 

to cancer formation. Subsequently, the ability to cope with stress via epigenetic 

adaptation mechanisms enables the cancer to progress. Tumours are often subject to 

highly oxidative, hypoxic and/or nutrient-deprived conditions. This environment, 

regardless of genetic mutation, can further enhance the cancer’s resistance to stress by 

inducing pro-survival genetic programs and adaptation mechanisms. Finally, this pre-

conditioning towards stress resistance leads to an intrinsic resistance to therapies, 

which often rely upon stress-induced apoptosis to be effective (Brown and Bicknell, 

2001; Gatenby and Gillies, 2004).  

 

Investigative approach and outcomes. This chapter reports upon the role of G3BP 

proteins in SG formation, and addresses questions about the precise function of the 

SG in the integrated stress response and cell survival. The data highlights the dynamic 

nature of SG formation and function, and the fact that a variety of proteins, with 

differing trans-acting functions, may be recruited to the stress granule. In addition, the 

results implicate SG formation in the survival phase of the integrated stress response. 

Overall, the work presented in this thesis suggests that G3BP may function to 

determine the fate of mRNAs during cellular stress, and in particular, further 

implicates the G3BP family of proteins in cell survival.  
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4.2 Materials and Methods 

 

4.2.1 Primers 

 

Note that underlined lower case shows restriction site (as per primer name) 

incorporated into the primers. 

G2BglIIF_GFPC2 - 5′CAagatctCGGAAATGGTTATGCAGA 3′ 

GFPG2R_SalIR - 5′GCAgtcgacTCAGCGACGCTGTCCTGTG 3′ 

 

4.2.2 DNA constructs 

 

The G3BP2 coding sequence (from pCMV4-Flag-G3BP2a and 2b as described in 

Section 3.2.3) was PCR-amplified using primers G2BglIIF_GFPC2 and 

GFPG2R_SalIR (Section 4.2.1) to incorporate BglII and SalI restriction sites using 

Platinum Pfx (Invitrogen) high fidelity polymerase. The PCR reaction included an 

initial denaturation at 95°C for 3 min followed by two initial cycles with denaturation 

at 95°C for 45 sec followed by annealing at 45°C for 45 sec and extension at 70°C for 

90 sec. This was followed by 35 cycles including denaturation at 95°C for 45 sec 

followed by annealing at 60°C for 45 sec and extension at 70°C for 90 sec. Digested 

PCR products and plasmid (pEGFPC2, BD Biosciences Clontech) were extracted and 

purified from agarose gels using Qiagen QIAquick Gel Extraction Kit as per the 

manufacturer’s instructions. T4 DNA ligase and 2x Rapid ligation buffer (Promega) 

were used to ligate digested plasmid and insert as per manufacturer’s instructions. 

Ligation products were transformed into heat-shock competent DH5′α cells 

(Invitrogen) and plated onto LB-Agar with kanamycin (50µg/ml). Several colonies 

were grown in liquid LB with kanamycin (50µg/ml) and used for screening by PCR 

with the same primers used for the initial amplification. Successful insertion of 

G3BP2 coding sequences was confirmed by sequencing as per Section 3.2.3. A 

construct, pcDNA3-Flag-MK2EE, expressing a constitutively active MAP kinase 

activated protein kinase 2 (MK2), was used with kind permission from Matthias 

Gaestel (Medical School Hannover). All other constructs used are described in 

Section 3.2.3. 
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4.2.3 Antibodies 

 

HRP-conjugated secondary antibodies were sourced from BioRad or Jackson 

Immunoresearch, while fluorescent secondary antibodies were sourced from Jackson 

Immunoresearch. Primary antibodies included rabbit anti-Flag (Sigma, F7425), rabbit 

anti-PARP (Roche, 11835238001) (kindly provided by Dianne Watters, Griffith 

University, Brisbane), rabbit anti-eIF4G (Santa Cruz, SC11373, H300), goat anti-eIF3 

(Santa Cruz, SC16377, N20), goat anti-TIA-1 (Santa Cruz, SC1751), rabbit anti-

eIF2α (phosphospecific) (StressGen, KAPCP130), rabbit anti-Dcp1a (from Jens 

Lykke-Anderson, University of Colorado), and rabbit anti-Actin (Sigma). Q94, a 

rabbit antibody which detects P-bodies, was kindly provided by Nancy Kedersha 

(Brigham and Women’s Hospital, Boston). Mouse anti-S6 kinase (Santa Cruz, 

SC8418), which cross-reacts with Human enhancer of decapping, large subunit 

(Hedls) (Stoecklin et al., 2006), was used as a P-body marker. Rabbit anti-eIF2α 

(GeneSearch, 9722) was kindly provided by Helen Rizos (Westmead Hospital, 

Sydney). All other antibodies used are described in Section 2.2.2 and 3.2.2. 

 

4.2.4 Cell culture, transfections and cell treatments 

 

U2OS (osteosarcoma) cells (wild-type for p53) were provided by Nancy Kedersha 

(Brigham and Women’s Hospital, Boston). U2OS and COS7 cells were maintained 

and transfected essentially as described in Section 3.2.5. Most commonly, COS7 cells 

were plated at a density of 5x105 cells per well of a 6-well plate and allowed at least 4 

hours to adhere. Cells were transfected with 2µg of DNA, reseeded onto various 

plates the following day, and harvested for analysis 48 hours post-transfection. Cells 

were treated with 125-1000µM sodium arsenite (Sigma) in complete media, 20µM 

clotrimazole (Sigma) in serum-free media, or 2µM thapsigargin (Calbiochem) in 

complete media.  

 

4.2.5 Generation of cell lines stably expressing Flag-tagged G3BP  

 

Five 50% confluent 10cm dishes of U20S cells were transfected with 10µg DNA 

(pCMV4-Flag-, -G3BP1, -G3BP1ABC, -G3BP2a and -G3BP2b) and 20µl of 
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SuperFect (Qiagen). After 48 hours, 500µg/ml Geneticin (Gibco) was added to the 

cells and the media changed twice a week for several weeks. Surviving colonies were 

then seeded onto new plates, and stable integration and expression of construct was 

tested by immunofluorescence, using the monoclonal anti-Flag antibody. Stable 

transfectants were cloned by limiting dilution, and positive clones were identified by 

immunofluorescence. Although at least 10 surviving clones for each transfectant were 

screened for expression of the Flag-fusion protein, only a single clone was found to 

express each of the full-length fusion proteins. These cell lines were named U2OS-

FL-G3BP1, -G3BP2a and –G3BP2b. Several clones showed expression of the mutant, 

G3BP1 ABC and were named U2OS-FL-G3BP1 ABC (clone#).  

 

4.2.6 siRNA transfections 

 

Cells were plated at a density of 1-1.5x105 cells per well of a 12-well plate and 

transfected the following day. A 1.25µl aliquot of Lipofectamine 2000 (Invitrogen) 

and 100 pmoles of siRNA duplex (Ambion or Proligo) were pre-diluted separately in 

125µl OptiMEM (Gibco), then mixed and incubated for 15 min to allow complexes to 

form. A total of 1.5ml of antibiotic free media was then added to each complex, and 

the cells were covered with this mixture for 48 hours. Cells were then reseeded onto 

6-well plates and 6-8 hours later, cells were transfected with 2.5µl Lipofectamine 

2000 and 200 pmoles of siRNA duplex, each pre-diluted in 250µl OptiMEM, mixed, 

incubated for 15 min to allow complex formation, and then further diluted in 3.0ml 

antibiotic free media to cover cells. Cells were left for another 48 hours and then 

reseeded onto various dishes before undertaking various analyses the following day.  

 

Target sequences (sense strand) for siRNA design were chosen using free Dharmacon 

software (www.dharmacon.com) or the free Proligo service (www.proligo.com).  

 

G3BP1 siRNA target (sense) sequences from NCBI accession # NM_005754: 

G3BP1#1: 5′ ACCACCTCAUGTTGTTAAA(UU) 3′; ORF; start 981 (Dharmacon) 

G3BP1#2: 5′ AAAGCCTGAGCCAGUATTA(UU) 3′; ORF; start 810 (Dharmacon) 

G3BP1#3: 5′ GACTGAATTTCCTTGCTTA(dTdT) 3′; 3′UTR; start 1828 (Proligo) 
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G3BP2 siRNA (sense) sequence from NCBI accession # NM_203504 (G3BP2b): 

AGGATCTGTTCCAAATAAA(UU) 3′; ORF; start 589 

  

The control siRNA was either “scramble” (provided by Georg Stoecklin, Brigham 

and Women’s Hospital, Boston) or “GFP”. The GFP target (sense) sequence was 5′ 

GCACGACTTCTTCAATCCUU 3′.  

 

4.2.7 Trypan blue exclusion assays 

 

Cells were transfected with various siRNAs and then reseeded into 2 wells of a 12-

well plate for replicate treatment with arsenite for various time periods. Cells were 

then harvested by trypsinisation and cells counts were performed using a 

haemocytometer.  Cell survival was assessed by trypan blue (Gibco) exclusion. 

 

4.2.8 Cell extracts, SDS-PAGE and Western blotting 

 

Cells were harvested by direct lysis, resolved by electrophoresis, and subject to 

Western analysis as described in Section 3.2.6.  

 

4.2.9 Immunofluorescence of cultured cells 

 

Single epitope immunofluorescence was carried out as per Section 2.2.8. For all other 

immunofluorescent studies, glass coverslips were immersed in complete media for 4-

24 hours prior to application of cells in order to increase adhesion. One day after cells 

were seeded onto coverslips, they were subjected to various treatments and then 

rinsed once with PBS before being fixed in 4% (w/v) paraformaldehyde for 10 min. 

Cells were then permeabilised in 0.5% (v/v) Triton-X in PHEM buffer (60 mM Pipes, 

25 mM Hepes, 10 mM EGTA, 2 mM MgCl2; pH 6.9) for 10 min. Following a brief 

rinse in PBS, cells were blocked in 5% (w/v) normal horse serum (NHS) for 1 hour, 

before a 2 hour incubation with various antibodies diluted in NHS. Up to three 

different primary antibodies, raised in separate species (mouse, rabbit, goat), were 

applied to cells simultaneously. Cells were rinsed 2 x 5 min with PBS before addition 

of appropriate combinations of labelled secondary antibodies, each diluted in 5% 
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NHS as follows: cy2 (green) 1/200; cy3 (red) 1/2000; cy5 (far red) 1/200. Following a 

one-hour incubation in the dark, cells were rinsed 3 x 5 min with PBS, then mounted 

in polyvinyl alcohol/glycerol media (Fukui et al., 1987). The mounting media was 

prepared by dissolving 25g of Celvol 603 polyvinyl alchohol (Celanese) in 80ml of 

PBS, followed by addition of 40ml of glycerol and 1.2ml of 10% (w/v) sodium azide. 

In some cases nuclei were counterstained with 300nM DAPI, then rinsed 3 x 5 min 

with PBS before mounting. Slides were visualised using a Nikon Eclipse E800 

microscope or an Olympus BX50 microscope and photographed with a CCD-Spot RT 

digital camera. Images were generated using V++ Image Analysis Software and/or 

Adobe Photoshop. 

 

4.3 Results 

 

4.3.1 Over-expression of G3BP1 or G3BP2 induces spontaneous SG formation 

 

It was previously shown that GFP-G3BP1 over-expression could induce spontaneous 

SG formation (Tourriere et al., 2003). To test whether the highly homologous G3BP2 

family members behaved similarly, the G3BP2a and G3BP2b ORFs were cloned in-

frame with GFP in pEGFPC2. The successful in-frame expression of G3BP2a in 

transfected COS7 cells was confirmed by Western blot, using an antibody specific for 

G3BP2 (Fig. 4.1, Panel A). Consistent with data presented in Chapter 2, endogenous 

G3BP2a was not expressed in untransfected cells (control), but G3BP2b and the faster 

migrating band were both present. A band migrating at approximately 100kDa 

corresponded to GFP-G3BP2a, while a faster migrating band was possibly a 

degradation product.  

 

The presence of cleavage products upon over-expression of GFP fusion proteins has 

been previously observed, but not explained (Krall et al., 2002). As described in 

Chapter 2, an unidentified band was detected by anti-G3BP2, in various cell lines, 

suggesting that endogenous G3BP2 may be targeted for degradation. Excessive over-

expression of G3BP2a may not be compatible with cell survival, and therefore the 

exogenous protein may be targeted for destruction. Degradation of exogenously 

introduced G3BP2 has previously been reported (Irvine, 2004), so this is a plausible 

hypothesis. Whatever the case, a large quantity of what would appear to be full-length 
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fusion protein was expressed, and so cells were further analysed by 

immunofluorescence.  

 
 
Figure 4.1 The effect of GFP transfection on stress granule formation in COS7 cells. G3BP2a was 
cloned into a GFP expression construct and subsequently transfected into COS7 cells. Cells were 
harvested for Western blot analysis and immunofluorescence 48 hours post-transfection. A) Total 
protein from untransfected COS7 cells (1), or COS7 cells transfected with GFP-G3BP2a (2), was 
resolved by SDS-PAGE and subjected to Western blot analysis with a polyclonal antibody specific for 
endogenous G3BP2. Unidentified bands are labelled with a “?”. Cells seeded onto coverslips were 
either B1) left untreated or B2) treated with 1mM sodium arsenite for 30 min. Cells were fixed and 
then subjected to immunofluorescence to detect SG markers, using a polyclonal rabbit anti-eIF4G 
antibody (red) and a polyclonal goat anti-eIF3 antibody (blue). Arrows indicate co-localisation of the 
three proteins in SGs. In another experiment, COS7 cells were transfected with a GFP-only construct as 
above. Cells seeded onto coverslips were either C1) left untreated or C2) treated with 1mM sodium 
arsenite for 30 min. Cells were fixed and SGs were detected by immunofluorescent staining using a 
polyclonal rabbit anti-eIF4G antibody (red). 
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The GFP tagged protein expressed by this construct localised to large cytoplasmic 

granules in approximately 60% of transiently transfected COS7 cells. The SG markers 

eIF3 and eIF4G co-localised with the GFP fusion protein in these cytoplasmic 

granules (Fig. 4.1, Panel B1). Treatment of cells with sodium arsenite, which induces 

oxidative stress and activation of heme-regulated inhibitor kinase (HRI) to induce 

eIF2α phosphorylation (McEwen et al., 2005), caused endogenous eIF3 and eIF4G to 

re-localise to cytoplasmic granules in untransfected cells, as would be expected. This 

treatment also induced the co-localisation of all the transfected GFP-G3BP2a with 

endogenous eIF3 and eIF4G in cytoplasmic granules (Fig. 4.1, Panel B2). Consistent 

with data reported for GFP-G3BP1 (Kedersha et al., 2005), SGs induced by and 

containing over-expressed GFP-G3BP2a were often much larger than arsenite-

induced SGs. 

 

It is well known that GFP, being such a large tag, can have profound effects upon 

fused protein function. It has also been reported that transfection of GFP alone can 

induce spontaneous SG formation (Tourriere et al., 2003), and that GFP transfection 

can induce a stress response (Goto et al., 2003). Consistent with this, transfection of 

GFP alone led to formation of stress granules, as detected by granular localisation of 

eIF4G (red) in transfected cells (green) (Fig. 4.1, Panel C1). Granules were present in 

approximately 40% of GFP-transfected cells, as listed in Table 4.1. Untransfected 

cells and cells treated with Lipofectamine 2000 did not show the presence of granules, 

except for one case in which a group of four untransfected cells, on a coverslip of 

thousands, presented with granules. This suggests that SGs may occasionally form in 

response to normal fluctuations in nutrient availability and growth factor signals, 

which will cause stress in a variable and somewhat erratic manner. Following 

treatment with arsenite, eIF4G localised to SGs in both transfected and untranfected 

cells, as would be expected (Fig. 4.1, Panel C2). The data presented here suggest that 

the stress induced by expression of a GFP fusion protein, over and above that 

produced by transfection alone, is accompanied by stress granule formation.  

 

A preliminary examination of the formation of spontaneous SGs in cells transfected 

with pCMV4-Flag was next undertaken. Flag is a very short peptide and its 

expression is not detected by immunofluorescence. As a result, pCMV4-Flag 
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transfected cells cannot be counted unless co-transfected with a reporter vector, which 

in itself may alter spontaneous SG formation. An estimation of induced SG formation 

was instead performed, by counting all cells with granules in empty vector (pCMV4-

Flag or pEGFPC2) transfections. When cells were transfected with pEGFPC2 or 

pCMV4-Flag, approximately 12.5% and 6.5% of total cells contained granules, 

respectively. The transfection efficiency was calculated at approximately 30% 

through detection of GFP, so when this was taken into account, a spontaneous SG 

formation rate of approximately 40% for GFP was estimated, consistent with data 

presented in Table 4.1. Using this strategy, it was estimated that SGs formed at a rate 

of approximately 20% when cells were transfected with pCMV4-Flag.  

 
Table 4.1 The effect of various G3BP constructs on SG formation. COS7 cells were transfected 
with various GFP and Flag-tagged contructs and subjected to immunofluorescent analysis to detect SG 
markers. Each construct was scored for the ability to induce spontaneous SGs (n>100 transfected cells 
averaged from 2 or 3 experiments. Figures rounded to the nearest 5). The percent co-efficient of 
variation (SD/Mean x 100) for each data set was less than 10%. (Note that the S149A construct was 
scored only once and marked with an asterisk).  
Construct Induction of SG assembly 
GFP  40%  
GFP-G3BP2a 57%  
Flag 20% 
Flag-G3BP2a 30%  
Flag-G3BP1 50%  
Flag-G3BP1 S149E 50%  
Flag G3BP1 S149A 55%* 

 

This suggests that transfecting cells with DNA of any description will lead to some 

SG formation. Double stranded RNA activates Protein kinase R (PKR), which 

phosphorylates eIF2α, and so transfection of cells with siRNA has the potential to 

promote eIF2α phosphorylation (Sledz and Williams, 2004). Plasmid DNA 

transfection has also been shown to induce SG formation via PKR activation 

(Kedersha et al., 1999). The data presented here supports the notion that transfection 

of plasmid DNA induces a stress response and SG formation. The use of pCMV4-

Flag, as compared to pEGFP, appeared to reduce this effect, and so was used in 

further studies to reduce background SG formation, and more clearly assess the 

specific role of G3BP in SG formation. 
 
Transfection of ER293 cells with Flag-tagged G3BP1, 2a and 2b each caused the 

formation of cytoplasmic granules (Fig. 4.2, Panel A). The same results were 
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observed in COS7 cells (see Fig. 4.2, Panel B for G3BP1). SGs formed at a rate of 

approximately 30% for Flag-G3BP2a and 50% for Flag-G3BP1 (Table 4.1) in COS7 

cells. There have been reports that SGs induced by GFP-G3BP1 sometimes lack TIA-

1 (Tourriere et al., 2003), but as shown in Fig. 4.2, Panel B, Flag-tagged G3BP1 co-

localised with the SG marker, TIA-1 in these granules. Flag-G3BP2a also co-localised 

with SG markers (data not shown here, see Section 4.3.3).  
 

 
Figure 4.2 Sub-cellular localisation of Flag-tagged G3BP1 and G3BP2. A) ER293 cells were 
transfected with pCMV4-Flag-G3BP1 (FL-G3BP1), -G3BP2a (FL-G3BP2a) or -G3BP2b (FL-
G3BP2b) on glass coverslips. Cells were fixed 24 hours post-transfection and the exogenous proteins 
were detected by immunofluorescence using a monoclonal anti-Flag antibody (red). For G3BP2b 
stained cells, the cell bodies were visualised using Normasky microscopy and nuclei were 
counterstained with DAPI (blue). B) COS7 cells were transfected with Flag-tagged G3BP1 (FL-
G3BP1). Cells were then reseeded onto glass coverslips the following day, before fixation 48 hours 
post-transfection. Exogenous G3BP1 was detected by immunofluorescence using a monoclonal anti-
Flag antibody (green). Cells were counterstained with goat anti-TIA-1 (blue) to detect SGs. Size bars 
represent 25µm. 
 

While it was previously reported that GFP-G3BP1 induces spontaneous SG formation 

in about 90% of transfected cells, the analogous Flag-tagged construct induced 

granule formation in about 50% of transfected cells (Table 4.1). Moreover, the level 

of spontaneous SG formation induced by Flag-G3BP2a (30%) was less than that 
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induced by GFP alone (40%). These data confirm that the GFP tag, independent of 

the fused coding sequence, increases the rate of SG formation.  

 

It was previously shown that GFP-G3BP1 S149E localised to SGs, but had a reduced 

capacity to induce spontaneous SGs (Tourriere et al., 2003). Despite this, the 

analogous Flag-tagged G3BP1 mutant induced SG formation at a rate similar to that 

seen for the wild-type protein (Table 4.1). This construct was prepared several times, 

and the sequence checked three times to confirm that it contained the serine to 

glutamate substitution (see Appendix A for sequence alignment). Nevertheless, it 

efficiently induced SG formation. These results suggest that phosphorylation at Ser 

149 alone may not inhibit spontaneous SG formation, and that other unidentified 

factors may have played a role in the reduced rate of SG formation previously 

observed with the GFP-fusion construct. 

 

Preliminary observations suggested that the rate of spontaneous SG formation may 

fluctuate, but that the comparative levels of SG induction from construct to construct 

remains consistent. Most importantly, in a one-off scaled-down experiment where the 

transfection was performed in individual wells of a 24-well plate, both Flag-G3BP1 

and Flag-G3BP1 S149E nucleated SGs in 30% (instead of 50%) of cells. This 

suggests that various factors will affect the rate of spontaneous SG formation, but that 

the relative ability of different constructs to induce SGs remains consistent. 

 

4.3.2 Spontaneous SG formation does not inhibit G3BP’s ability to increase 

reporter gene expression 

 

It is clear that the over-expression of Flag-tagged G3BP1, 2a and 2b each induced 

spontaneous SG formation, while in the previous chapter it was repeatedly shown that 

these same constructs induced an increase in reporter gene expression. It appears 

paradoxical for over-expressed G3BP to localise to translationally-silent SGs, whilst 

at the same time enhancing reporter gene expression. Nevertheless, it was confirmed 

that G3BP1 over-expression simultaneously induced both an increase in reporter β-

galactosidase expression as detected by Western blot (Fig. 4.3, Panel A), as well as 
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the formation of spontaneous SGs, as detected by co-localisation of Flag-G3BP1 

(green) with eIF3 (blue) in cytoplasmic granules (Fig. 4.3, Panel B).  

 

Since only 50% of cells transfected with Flag-tagged G3BP1 formed spontaneous 

SGs (Table 4.1), it was thought that there would only be high levels of reporter 

protein in the cells in which exogenous G3BP1 localisation mimicked the endogenous 

protein. On the contrary, it was shown that β-galactosidase protein (red) was 

expressed at very high levels, even in cells containing spontaneous SGs (Fig. 4.3, 

Panel B). These results are consistent with findings that SGs are not merely sites of 

stalled translation, but are dynamic sorting stations from which mRNA may be 

directed to various fates (Kedersha et al., 2005). 

 
Figure 4.3 The effect of G3BP-induced granule formation on reporter gene expression. COS7 
cells were co-transfected with pCMVsport-β-galactosidase and either pCMV4-Flag (empty vector 
control), or pCMV4-Flag-G3BP1 (FL-G3BP1). 48 hours post-transfection cells were harvested for: A) 
Western analysis using anti-Flag and anti-β-galactosidase antibodies. The membrane was stained with 
Ponceau S to monitor protein load prior to Western analysis (pictured above blot); and B) 
Immunofluorescent analysis using rabbit anti-Flag (green), mouse anti-β-galactosidase (red) and goat 
anti-eIF3 (blue) antibodies. The arrows illustrate co-localisation of exogenous G3BP1 and endogenous 
eIF3 in SGs. Size bar represents 25µm. 
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4.3.3 G3BP1 and G3BP2 may be universal SG constituents 

 

On further investigation of G3BPs presence in the SG, it was found that treatment of 

COS7 cells with sodium arsenite, which induces oxidative stress and eIF2α 

phosphorylation, caused endogenous G3BP2 and G3BP1 to enter stress granules. As 

shown in Fig. 4.4, Panel A, and consistent with previous reports concerning SG 

dynamics (Kedersha et al., 1999), endogenous G3BP2 entered granular compartments 

following treatment with arsenite, but gradually dispersed once stress was removed 

(Fig. 4.4, Panel A, white arrows).  

 

 
Figure 4.4 The effect of sodium arsenite treatment on G3BP2 sub-cellular localisation. A) COS7 
cells were seeded onto glass coverslips and either left untreated (no treatment), or treated with 1mM 
sodium arsenite (SA) for 30 min and then allowed to recover in drug-free media for 30 min or 2 hours, 
as indicated. Cells were then fixed and processed for immunofluorescence using an antibody specific 
for endogenous G3BP2 (red). Nuclei were counterstained with DAPI (blue). Arrows indicate typical 
cytoplasmic G3BP2 localisation in recovered cells. Size bar represents 25µm.  B) To monitor co-
localisation of G3BP2 with SG markers following stress, COS7 cells were transfected with Flag-tagged 
G3BP2a, reseeded onto glass coverslips the next day, and then treated with sodium arsenite (30 min) 
48 hours post-transfection. Cells were fixed and G3BP2a was detected by immunofluorescence using 
the monoclonal anti-Flag antibody (green). Cells were counterstained using a rabbit antibody specific 
for P-bodies, Q94 (red), as well as either goat anti-eIF3 (blue, top panel) or goat anti-TIA-1 (blue, 
bottom panel) antibodies. The SGs (white arrow) and P-bodies (yellow arrow) are distinct structures. 
Size bar represents 10µm. 
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Immunofluorescent analysis showed that G3BP2, like G3BP1, co-localised with SG 

markers in these granules. Fig. 4.4, Panel B, specifically shows Flag-G3BP2 co-

localising with the SG markers eIF3 and TIA-1, but not Q94, which is localising to P-

bodies. Q94 is a polyclonal antiserum that exhibits variable background nuclear and 

cytoplasmic staining, but is proven to specifically stain P-bodies (Kedersha et al., 

2005). P-bodies are cytoplasmic structures distinct from SGs, which are sites of 

mRNA decay (Cougot et al., 2004; Kedersha et al., 2005).  

 

There are several universal SG constituents, including mRNA, the small ribosomal 

sub-unit, translation initiation factors and polyA binding protein 1 (PABP1) 

(Kedersha and Anderson, 2002). Conversely, certain proteins are only present in SGs 

induced by a particular treatment. TTP over-expression induces spontaneous SG 

formation, and endogenous TTP localises to SGs induced by an energy-depriving 

agent, carbonyl cyanide 4-trifluoromethoxy phenylhydrazone (FCCP). However, TTP 

is excluded from SGs induced by sodium arsenite treatment (Stoecklin, 2004). In 

addition, Heat shock protein 27 (Hsp27) is present in SGs induced by heat shock but 

not sodium arsenite (Kedersha et al., 1999). For this reason, it was sought to 

determine whether G3BPs are universal SG constituents present in SGs induced by a 

variety of stresses, or whether they re-locate to SGs only in response to sodium 

arsenite.  

 

Flag-tagged G3BP1, 2a and 2b stably expressed in U20S cells each exhibited 

localisation patterns consistent with that seen for the endogenous proteins in untreated 

cells (data not shown). These cells were thus considered suitable for monitoring 

G3BP1, 2a and 2b localisation in response to a variety of stresses, with an anti-Flag 

antibody. Endogenous G3BP1 localisation was also detected in U2OS cells, using a 

monoclonal anti-G3BP1 antibody. Cells were exposed to treatment with various 

reagents: 1) sodium arsenite; 2) thapsigargin, which causes Ca2+ release from the ER 

with subsequent activation of Protein kinase R-like ER kinase (PERK), which 

phosphorylates eIF2α (Sagara et al., 1992); or 3) clotrimazole, which affects cellular 

homeostasis in a variety of ways and stimulates eIF2α phosphorylation (see Section 

4.4, Discussion). Cells were then subjected to immunofluorescent analysis using 

antibodies specific for a range of SG markers.  
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Figure 4.5 The effect of various stress treatments on G3BP1 sub-cellular localisation. U2OS cells 
were seeded onto glass coverslips and either A) left untreated or exposed to treatment with: B) 1mM 
sodium arsenite for 30 min; B) 2µM thapsigargin for 1 hour; and C) 20µM clotrimazole in serum-free 
media for 30 min. Cells were then fixed and endogenous G3BP1 localisation (green in Panels A, B and 
C; red in Panel C) was detected by immunofluorescence using a monoclonal anti-G3BP1 antibody. 
Cells were counterstained with various SG and P-body markers. In Panels A, B and C, SGs were 
detected using rabbit anti-eIF4G (red) and goat anti-eIF3 (blue) antibodies. In Panel D, a goat anti-TIA-
1 (green) antibody was used as a SG marker, while rabbit anti-Dcp1a (blue) was specific for P-bodies. 
Size bar represents 10µm. 
 

In each case all G3BPs re-located to SGs following stress treatments. The results for 

endogenous G3BP1 are shown in Fig. 4.5 and all other data are listed in Table 4.2. 

G3BP1 (green) localised to the cytoplasm in untreated cells, along with eIF4G (red) 

and eIF3 (blue) (Fig. 4.5, Panel A). Following treatment with sodium arsenite (Fig. 
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4.5, Panel B) and thapsigargin (Fig. 4.5, Panel C), respectively, G3BP1 (green) co-

localised with eIF4G (red) and eIF3 (blue) in SGs. In addition, G3BP1 (red) co-

localised with TIA-1 (green) in SGs following treatment with clotrimazole, while 

mRNA decapping enzyme 1a (Dcp1a) (blue) localised to P-bodies. The SGs and P-

bodies are clearly seen as separate structures in the merge (Fig. 4.5, Panel D). Table 

4.2 further details the data obtained from these experiments, which showed that the 

three G3BP proteins entered SGs in response to sodium arsenite, thapsigargin and 

clotrimazole.  

 
Table 4.2 The formation of SGs in various G3BP stable cell lines. U2OS and U2OS cell lines stably 
transfected and expressing pCMV4-Flag-G3BP1 (U2OS-FL-G3BP1), -G3BP2a (U2OS-FL-G3BP2a) 
or -G3BP2b (U2OS-FL-G3BP2b) were seeded onto glass coverslips and treated with sodium arsenite 
(SA) for 30 min, thapsigargin (TG) for 1 hour, or clotrimazole (CLT) in serum-free media for 30 min. 
Cells were subjected to immunofluorescent analysis to detect SG markers. Approximately 100 cells 
were examined and scored for the presence of SGs, and these numbers were used to calculate the 
percentage of cells containing SGs (%).  
 

Cell line SA 30m CLT 30m TG 30m 
SG → % % % 
U2OS-FL-G3BP1 100 100 96 
U2OS-FL-G3BP2a 98 95 43 
U2OS-FL-G3BP2b 84 83 43 
U2OS 97 95 70 
 

Unexpectedly, untransfected cells and cells stably transfected with G3BP1 were able 

to form SGs more efficiently in response to thapsigargin, than either G3BP2a or 

G3BP2b transfectants. This data was not further pursued, because only one clone for 

each stable cell line was successfully created, and few conclusions could have been 

drawn without development of several clones. Nevertheless, it is apparent that each 

G3BP family member was recruited to SGs induced by arsenite, thapsigargin and 

clotrimazole.  

 

4.3.4 G3BP1 knockdown inhibits SG formation 

 

Both the induction of spontaneous SG formation by G3BP over-expression, and the 

universal presence of G3BP in stress-induced SGs, suggested that G3BP may be 

required for SG formation. To date, only eIF2α phosphorylation is proven to be 
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required for SG formation. Knock-in MEFs harbouring a non-phosphorylatable 

mutant of eIF2α are incapable of forming SGs (Kedersha et al., 2005; McEwen et al., 

2005). Nevertheless, knockout of TIA-1, the original SG marker and auto-aggregating 

protein, has a mild inhibitory effect upon SG formation (Gilks et al., 2004). Similar to 

TIA-1, G3BP1 and G3BP2 are prominent SG constituents. Therefore, the next step 

was to assess the role of G3BP in SG formation by knocking down expression of the 

genes. 

 

As described in Chapter 2, G3BP2a protein appears to have a half-life of about 24 

hours. Other G3BP proteins may also be stable, and so a rigorous treatment was 

utilised to knockdown G3BP protein expression. siRNA duplexes were transfected 

twice over the course of five days to achieve successful knockdown of G3BP 

expression. Treatment with G3BP1#1 siRNA produced strong knockdown of G3BP1 

in both HeLa and U2OS cells, as detected by Western blot (Fig. 4.6, left panel). The 

knockdown in COS7 cells was not as efficient, presumably because COS7 cells are 

derived from monkey (Cercopithecus aethiops), and the siRNA was designed against 

the human sequence.  

 
Figure 4.6 Assessment of G3BP protein levels following specific siRNA transfection. HeLa, U2OS 
and COS7 cells were transfected twice over the course of 5 days with either control (GFP) siRNA or 
G3BP1-specific siRNA (G3BP1#1). Total protein was obtained by direct lysis and resolved by SDS-
PAGE before transfer to a membrane. Protein load was assessed with Ponceau S as shown, and 
Western analysis was carried out using a monoclonal anti-G3BP1 antibody. The membrane was also 
probed with a rabbit antibody specific for phosphorylated eIF2α (left panel). U2OS cells stably 
transfected with pCMV4-Flag-G3BP2a (U2OS-2a) were transiently transfected with control (GFP) or 
G3BP2-specific siRNA, and samples were processed as above. A monoclonal anti-Flag antibody was 
used to detect Flag-tagged G3BP2a (FL-G3BP2a) (right panel).  
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Parallel detection of phosphorylated eIF2α with a specific antibody suggested two 

things: 1) basal levels of phosphorylated eIF2α were not strongly altered by G3BP1 

knockdown, and 2) consistent with Ponceau S staining, loading levels between control 

and G3BP1 knockdown lanes were similar (Fig. 4.6, left panel). Regulation of total 

eIF2α has never been reported, and its phosphorylation is so well documented that 

probes for phosphorylated eIF2α in the absence of total eIF2α have been published 

(Kedersha et al., 2002; Kim et al., 2005). Nevertheless, a probe for total eIF2α was 

performed in later experiments, and it was shown that G3BP1 knockdown does not 

alter the level of total eIF2α either (see Fig. 4.9 below). These results suggest that 

G3BP knockdown does not affect total eIF2α levels or eIF2α phosphorylation. 

 

At this stage, the antibody to endogenous G3BP2 was not available, and so a U2OS 

cell line stably expressing Flag-tagged G3BP2a was used to monitor the efficacy of 

G3BP2 knockdown with the specific siRNA. G3BP2 siRNA was efficient in 

knocking down Flag-tagged G3BP2 protein expression, as detected using an antibody 

specific for the Flag tag (Fig. 4.6, right panel). 

 

Cells transfected with GFP siRNA exhibited typical localisation of G3BP1 (green), 

eIF4G (red) and eIF3 (blue) (Fig. 4.7, Panel A). In untreated cells, protein localisation 

was primarily cytoplasmic, although it is clear that G3BP1 expression was somewhat 

heterogenous. In some cases, G3BP1 localised more predominantly to one side of the 

cell, as was observed in breast tumour cells in Chapter 2. G3BP1 also appeared to 

have variable expression levels from one cell to another. This may be associated with 

the fact that G3BP1 transcript levels are cell cycle regulated (Whitfield et al., 2002).  

 

Following transfection with G3BP1#1 siRNA, the level of G3BP1-specific staining 

(green) dropped dramatically (Fig. 4.7, Panel B), although eIF4G (red) and eIF3 

(blue) expression remained intact. When GFP siRNA-transfected cells were treated 

with sodium arsenite for 30 min, SGs formed in 85% of cells, as shown by granular 

co-localisation of G3BP1, eIF4G and eIF3 (Fig. 4.7, Panel C). When G3BP1 

expression was knocked down by transfection with siRNA, SG formation was either 

completely inhibited, or reduced (Fig. 4.7, Panel D). Following G3BP1 knockdown in 
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this trial, SGs formed in only 19% of cells, and of these, 94% contained detectable 

levels of residual G3BP1 (n>100).  

 

 
Figure 4.7 The effect of G3BP1 knockdown on arsenite-induced stress granule formation. U2OS 
cells were transfected twice over the course of 5 days with either a control (GFP) siRNA (Panels A and 
C) or a G3BP1 siRNA (Panels B and D). Cells were reseeded onto glass coverslips and either left 
untreated or treated with 1mM sodium arsenite for 30 min, as indicated in Panels A-D. Cells were then 
fixed and endogenous G3BP1 expression and localisation was detected by immunofluorescence, using 
a monoclonal anti-G3BP1 antibody (green). Cells were counterstained for SGs using a rabbit anti-
eIF4G antibody (red) and a goat anti-eIF3 antibody (blue). Size bar represents 25µm. 
 

In a subsequent trial, U2OS cells were transfected with a different control siRNA 

(scramble). In this trial, SGs did not form in the control cells following a 30 min 

treatment with sodium arsenite. Transfection of cells with some siRNAs can induce a 

mild increase in eIF2α phosphorylation through activation of PKR (Sledz and 

Williams, 2004). In this way, it is possible that during the course of a five-day 
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transfection, cells may become conditioned to stress, and thereby initially resist SG 

formation. Thus, the very process of siRNA transfection, rather than the specific 

G3BP1 knockdown, may have affected SG formation in this trial. At the same time, 

the fact that transfection with G3BP1 siRNA did not increase basal levels of 

phosphorylated eIF2α, as compared to GFP siRNA transfection (Fig. 4.6), suggests 

that some other unidentified factor may have been responsible for the effect. 

Nevertheless, given that transfection with a scramble siRNA mildly inhibited SG 

formation, it was important to measure SG formation following a more extreme stress 

treatment.  

 

It was found that a one-hour treatment with arsenite allowed for SG formation in the 

control (scramble) cells, as shown by granular co-localisation of G3BP1 (red) with 

TIA-1 (green), but not Dcp1a (blue), which is localised to P-bodies (Fig. 4.8, Panel 

A). Knockdown of G3BP1 produced a strong inhibition of SG formation, except in 

cells apparently containing residual levels of G3BP1 (Fig. 4.8, Panel B). Conversely, 

knockdown of G3BP2 did not appear to inhibit SG formation (Fig. 4.8, Panel C). 

These results were confirmed by staining for eIF3 (green) and eIF4G (blue) to detect 

SGs, and Hedls (HL, red) to detect P-bodies, following G3BP1 (Fig. 4.8, Panel D) 

and G3BP2 (Fig. 4.8, Panel E) knockdown. P-body formation did not appear to be 

strongly affected by G3BP1 or G3BP2 knockdown.  

 

Interestingly, knockdown of either G3BP1 (Fig. 4.8, Panel F) or G3BP2 (Fig. 4.8, 

Panel G) led to inhibition of SG formation following treatment with clotrimazole. 

This is clearly shown by staining with TIA-1 (green) and G3BP1 (red) to detect SGs. 

A counterstain for Dcp1a showed that G3BP1 or G3BP2 knockdown produced no 

obvious effect on P-bodies. 
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Figure 4.8 The effect of G3BP1 and G3BP2 knockdown on stress granule formation. U2OS cells 
were transfected twice over the course of 5 days with control (scramble) siRNA (left panels), G3BP1 
siRNA (middle panels) or G3BP2 siRNA (right panels). Cells were reseeded onto glass coverslips and 
either left untreated, treated with 1mM sodium arsenite for one hour, or treated with 20µM 
clotrimazole for 30 min, as indicated in Panels A-H. SG formation was monitored by 
immunofluorescence. In Panels A-C and F-H, endogenous G3BP1 was detected using a mouse anti-
G3BP1 antibody (red). In the same cells SGs were detected using a goat anti-TIA-1 antibody (green), 
and P-bodies were detected using a rabbit anti-Dcp1a antibody (blue). In Panels D and E, further SG 
markers were detected using a goat anti-eIF3 antibody (green) and a rabbit anti-eIF4G antibody (blue), 
while P-bodies were detected using a mouse anti-S6 kinase antibody which cross-reacts with Hedls 
(HL, red). Size bar represents 25µm. 
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4.3.5 SG formation and cell survival may be inhibited downstream of eIF2α  

phosphorylation 

 

At this point, it could not be certain that SG formation was specifically being 

inhibited by G3BP knockdown (further addressed below). Nevertheless, SG formation 

in response to arsenite was inhibited by transfection with G3BP1#1 siRNA, so it was 

important to monitor whether this inhibition was mediated via alterations in the 

phosphorylation of eIF2α.  

 

Cells were transfected with various siRNAs and harvested for Western analysis using 

antibodies specific for endogenous G3BP1 and phosphorylated eIF2α (Fig. 4.9, Panel 

A). Ponceau S staining (top panel) shows that the load in the first 3 lanes, which 

contained cell lysates from the scramble siRNA transfection, was less than in other 

lanes. This translated to a reduced level of detectable G3BP1 compared to that seen 

for the G3BP2 knockdown lanes. Nevertheless, G3BP1 protein levels were clearly 

reduced by transfection with the G3BP1 siRNA. Importantly, G3BP2 siRNA 

transfection did not reduce the level of G3BP1.  

 

Neither knockdown of G3BP1 nor G3BP2 altered the increase eIF2α phosphorylation 

induced by sodium arsenite or clotrimazole (Fig. 4.9, Panel A). It is well established 

that eIF2α phosphorylation is the common response to stresses of many descriptions 

(Holcik and Sonenberg, 2005). Nevertheless, to rule out regulation of total eIF2α by 

arsenite or G3BP1 knockdown, total eIF2α in lysates from a subsequent G3BP1 

knockdown experiment were assessed by Western blot (Fig. 4.9, Panel B). It was 

shown that neither sodium arsenite treatment, nor G3BP1 knockdown, had any effect 

on the total level of eIF2α. This suggests that G3BP knockdown does not inhibit 

stress-induced increases in eIF2α phosphorylation. Therefore, G3BP1 knockdown 

would appear to inhibit SG formation downstream of eIF2α phosphorylation. 

 

Knock-in cells harbouring a non-phosphorylatable eIF2α mutant in place of the wt 

protein, do not form SGs and have reduced survival capacity when exposed to stress 

(McEwen et al., 2005; Scheuner et al., 2001). It is not known whether the lack of SG 

formation in such cells helps to facilitate the functional consequences (ie reduced cell 
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survival) of eIF2α mutation. As described above, transfection of G3BP1#1 siRNA led 

to inhibition of SG formation without affecting eIF2α phosphorylation. The next 

question to address was whether knockdown of SG formation would affect cell 

survival following stress treatment.  

 

 
 

Figure 4.9 The effect of G3BP knockdown on eIF2α  phosphorylation. A) U2OS cells were 
transfected twice over the course of 5 days with control (scramble) siRNA, G3BP1 siRNA, G3BP2 
siRNA or a combination of G3BP1 and G3BP2 siRNA (G3BP1/2) as indicated above the blot. Cells 
were reseeded onto a 12-well plate and either left untreated, treated with 1mM sodium arsenite for one 
hour (SA 1h), or 20µM clotrimazole for 30 min (CLT 30m). Cells were then harvested by direct lysis, 
resolved by SDS-PAGE and transferred to a membrane. Protein load was monitored with Ponceau S, as 
shown. Western blot analysis was carried out using a monoclonal anti-G3BP1 antibody and a rabbit 
antibody specific for phosphorylated eIF2α (eIF2aP). B) U2OS-FL cells were transfected twice over 
the course of 5 days with control (GFP) siRNA or G3BP1 siRNA as indicated above the blot. Cells 
were reseeded onto a 12-well plate and either left untreated or treated with 0.5mM sodium arsenite for 
3 hours then harvested by direct lysis. Western blot analysis was carried out using a monoclonal anti-
G3BP1 antibody, a polyclonal anti-β-actin antibody and a polyclonal antibody which detects total 
eIF2α (eIF2a). 
 

At this stage, U2OS cells used in previous studies were unavailable, so the cell line 

stably transfected with pCMV4-Flag (U2OS-FL) was used in all further siRNA 

analyses, unless otherwise indicated. Preliminary qualitative observation of cell 

morphology following control or G3BP1 knockdown suggested that cells died more 

readily in response to sodium arsenite (as visualised by balling up), when G3BP1 was 

knocked down and SG formation inhibited (Fig. 4.10, Panel A). This suggested that 

SG formation itself, and not only eIF2α phosphorylation, is a requirement for cell 
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survival during stress. This result also suggested that it was not siRNA-mediated 

stress conditioning which prevented SG formation following G3BP1 knockdown, for 

if this were the case, cells would presumably be more resistant to stressful stimuli.  

 

It is clear that many control cells, like the test cells, began to ball up following a 2.5-

hour treatment with 1mM sodium arsenite (Fig. 4.10, Panel A, white arrow). 

Untransfected U2OS-FL cells began to ball up as early as 1.5 hours following 

addition of 1mM sodium arsenite, suggesting that cells die quite quickly when 

exposed to such high doses of sodium arsenite (data not shown). McEwen and co-

authors (2005) showed that the absence of eIF2α phosphorylation in MEFs led to 

increased levels of cell death following a 2-hour treatment with 100µM sodium 

arsenite and a 48-hour recovery period, but that the level of cell death between control 

and test samples became indistinguishable when cells were exposed to sodium 

arsenite for increased lengths of time. This suggested that in order to quantitate and 

compare cell death in control versus G3BP1 knockdowns, cells needed to be 

harvested following a sub-lethal treatment with sodium arsenite. 

 

To choose a treatment dose for cell survival assays, U2OS-FL cells were exposed to 

two different sodium arsenite concentrations, and SG formation was assessed. It was 

found that SG dynamics altered depending on the severity of treatment. Cells exposed 

to 125µM and 500µM arsenite each formed SGs in approximately 100% of cells 

following a 1-hour treatment. Cells exposed to 500µM arsenite retained SGs until 

cells had died, as visualised by DAPI staining to detect nuclear condensation or 

flocculation. Conversely, when cells were exposed to 125µM arsenite for 2 hours, the 

SGs began to disperse. After 3 hours of continuous exposure to 125µM arsenite, these 

cells contained very few SGs, even though they appeared healthy and showed no 

signs of apoptosis (data not shown).  
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Figure 4.10 The effect of G3BP1 knockdown on cell survival. U2OS-FL cells were transfected twice 
over the course of 5 days with control (GFP) siRNA or G3BP1#1 siRNA. Cells were reseeded onto 
glass coverslips for immunofluorescence and 12-well plates for trypan blue exclusion assays and 
Western analysis. Cells were then treated with sodium arsenite, as indicated. Panel A shows the results 
of one experiment, while Panels B-D show the results of a separate experiment. A) Untransfected and 
untreated cells (control), and cells transfected with GFP or G3BP1 siRNA and treated with 1mM 
sodium arsenite for 2.5 hours, were photographed under an inverted phase-contrast light microscope. 
Balled up cells are indicated by an arrow in the central panel. The size bar represents 50µm. B) Cells 
were grown on glass coverslips and treated with 0.5mM sodium arsenite for 1 hour Cells were then 
fixed and endogenous G3BP1 expression and localisation was detected by immunofluorescence using a 
monoclonal anti-G3BP1 antibody (red). Cells were counterstained for SGs using a rabbit anti-eIF4G 
antibody (green), and cell nuclei were detected with DAPI (blue). The orange arrows indicate strong 
levels of G3BP1 and SG formation in cells treated with G3BP1 siRNA, while the white arrows indicate 
cells with low G3BP1 and SG inhibition. The percentage of cells containing SGs is indicated (%SG). 
The size bar represents 25µm. C) Cells from two replicate 12-wells were treated with 0.5mM sodium 
arsenite for 1, 3 and 4 hours, as indicated. Cells from each well harvested separately by trypsinisation 
and resuspended in 500µl PBS. A 50µl aliquot of cell suspension was diluted 1:1 with trypan blue and 
10µl was applied to a haemocytometer. Cells contained within the four quadrants of the 
haemocytometer were counted (mode: 109), and the percentage cell death was calculated, based on 
trypan blue staining. The mean and standard deviation of the replicate wells are presented. D) A 200µl 
aliquot of cells from Panel C was pelleted and harvested by direct lysis. Each sample was resolved by 
SDS-PAGE and transferred to a membrane. One membrane was probed with rabbit anti-eIF4G and 
mouse anti-G3BP1, while the other was probed twice with rabbit anti-Actin and twice with rabbit anti-
PARP.  
 

 



Chapter 4                                                                                                       G3BP and stress granules 

 134 

 
 

 

 



Chapter 4                                                                                                       G3BP and stress granules 

 135 

Based on this data, many different treatments may have been chosen to assess cell 

death following SG inhibition. In this instance, it was decided that to directly relate 

the effects of G3BP1 on SG formation and cell death, cells transfected with GFP and 

G3BP1 siRNA would be continuously exposed to 500µM sodium arsenite for 1-4 

hours, with immediate harvesting to assess cell survival.  

 

Cells were once again transfected with G3BP1#1 siRNA or GFP siRNA and then 

treated with sodium arsenite. In this trial, a 1-hour treatment with 500µM arsenite led 

to SG formation in 97% of control cells, but only 56% of knockdown cells contained 

SGs (n>100). This level of inhibition is lower than that previously observed, and may 

relate to the switch from U2OS to U2OS-FL cells. It may also relate to the level of 

G3BP1 knockdown – many cells appeared to retain some level of G3BP1. Fig. 4.10, 

Panel B shows immunofluorescent staining of cells transfected with GFP siRNA (top 

panel) and G3BP1 siRNA (bottom panel), following treatment with arsenite. In the 

bottom panel, a group of cells that contain various levels of G3BP is illustrated. High 

levels of G3BP1 equated with strong SG formation (orange arrow), while the absence 

of G3BP1 had an inhibitory effect on SG formation (white arrows). It is possible that 

spectral bleed-through is responsible for the presence of some G3BP1 staining in 

knockdown cells, although this was not evident in previous experiments where P-

bodies and SGs were observed to be separate structures in red and green respectively 

(refer to Fig. 4.4). Whatever the case, the results indicate that G3BP1 knockdown had 

an inhibitory effect on SG formation. 

 

These cells were harvested for trypan blue exclusion assays to assess cell survival 

following inhibition of SG formation. Following a 1-hour treatment with 500µM 

arsenite, there was no detectable level of cell death, beyond that seen in untreated 

cells, for either the control or G3BP1 knockdown. Following a 3-hour continuous 

treatment, cells lacking G3BP1 clearly showed an increase in cell death as compared 

to control. By 4 hours, the number of control deaths had begun to increase, but the 

G3BP1 knockdown still exhibited a higher rate of cell death (Fig. 4.10, Panel C).  

 

Trypan blue exclusion is known to underestimate the level of cell death, as it relies 

upon loss of membrane integrity. This is problematical because membrane damage 
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occurs late in the process of cell death, and does not occur during apoptosis (Altman 

et al., 1993). However, it has been shown in some cases that eIF4G is cleaved during 

apoptosis (Marissen and Lloyd, 1998), while caspase-induced Poly (ADP-Ribose) 

polymerase (PARP) cleavage is a consistent and reliable marker for apoptosis 

(Hengartner, 2000). To further assess cell death, the presence of these proteins and 

their cleavage products were assessed by Western blot.  

 

Western blot analysis showed that G3BP1#1 siRNA was very efficient in knocking 

down G3BP1 protein expression (Fig. 4.10, Panel D). Following both 1-hour and 3-

hour arsenite exposures, eIF4G protein remained intact in both control and G3BP1-

deficient cells, suggesting that eIF4G was not targeted for cleavage during arsenite 

exposure in U2OS cells. Instead, in this instance, eIF4G functioned as a protein 

loading control (Fig. 4.10, Panel D). Interestingly, it is apparent that G3BP1 protein 

expression is slightly increased at each time-point following addition of arsenite, 

suggesting that G3BP1 expression may itself be induced by arsenite treatment.  

 

Remaining sample was resolved on a new gel, and detection of Actin by Western blot 

showed that the protein load in each lane was approximately equal (Fig. 4.10, Panel 

D). An initial probe with anti-PARP suggested that transfection with G3BP1#1 

siRNA caused a reduction in the level of full-length PARP, even without arsenite 

treatment. However, the PARP cleavage products could not be seen, and the reduction 

in full-length PARP was not as clear following a 1-hour treatment with arsenite, 

especially when the membrane was re-probed (Fig. 4.10, Panel C). It is likely that the 

former result was anomalous and a future trial, in the presence of a positive control 

treatment, will be necessary.  

 

It is quite possible that the severity of arsenite treatment in this trial led to death by 

necrosis, rather than apoptosis. Further death assays will no doubt enable a closer 

examination of the mechanisms of cell death following SG inhibition and stress 

treatment. Nevertheless, these analyses suggest that inhibition of SG formation by 

G3BP1 knockdown compromises stress adapation mechanisms, as evidenced by 

reduced cell survival.  
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4.3.6 SGs can form in response to arsenite in the absence of G3BP1 

 

To begin to assess the absolute requirement for G3BP1 in the formation of SGs, 

attempts were made to rescue the knockdown phenotype by over-expression of Flag-

tagged G3BP2a. In U2OS-FL cells, the control (GFP) transfection did not inhibit SG 

formation following a 30 min treatment with 1mM sodium arsenite, as detected by 

granular localisation of eIF4G (green) (Fig. 4.11, Panel A). Conversely, G3BP1 

knockdown, using G3BP1#1 siRNA, inhibited SG formation (Fig. 4.11, Panel B). 

SGs appeared to form only when residual levels of G3BP1 remained in the cell (red).  

 

 
Figure 4.11 Exogenous G3BP2 rescue of G3BP1 knockdown. U2OS-FL cells were transfected twice 
over the course of 5 days with either A) control (GFP) siRNA or B) G3BP1 siRNA or C) G3BP1 
siRNA, incorporating Flag-tagged G3BP2a (FL-G3BP2a) at the second transfection. Cells were then 
reseeded onto glass coverslips and subsequently treated with sodium arsenite (SA) as indicated. Cells 
were then fixed and subjected to immunofluorescent staining. Endogenous G3BP1 was detected with a 
monoclonal anti-G3BP1 antibody (red), and cells were either counterstained with a polyclonal rabbit 
anti-eIF4G antibody (green, Panels A and B) to detect SGs, or a monoclonal anti-Flag antibody (green, 
Panel C) to detect exogenous G3BP2a. Size bar represents 25µm. 
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As shown in Fig. 4.11, Panel C, G3BP2a over-expression (green) was able to rescue 

the SG inhibition induced by G3BP1 knockdown (red). Flag-tagged G3BP2a, as 

usual, co-localised with eIF4G in cytoplasmic granules, confirming that these 

granules were in fact SGs (data not shown). Rescue of the G3BP1 knockdown 

phenotype by the highly homologous gene, G3BP2a, supports the hypothesis that the 

SG phenotype is caused by the absence of G3BP1. However, it also shows that 

G3BP1 expression is not an absolute requirement for SG formation.  

 

To confirm the hypothesis that loss of G3BP1 has an inhibitory effect upon SG 

formation, it was vital to measure the effects of knockdown using an alternative 

siRNA. A second siRNA was chosen, G3BP1#2, and used to knockdown G3BP1 

expression in U2OS cells. The knockdown with G3BP1#2 siRNA was not efficient, 

as observed by Western blot analysis (Fig. 4.12, Panel A). While it was not possible 

to directly compare G3BP1 expression levels in control versus G3BP1#2 

transfections, because the two halves of the blot were obtained from two separate 

gels, it was clear the level of expression following knockdown with G3BP1#2 was 

much higher than that seen for G3BP1#1.  

 

The effect of this second siRNA on SG formation following a one-hour treatment 

with sodium arsenite was assessed. G3BP1#1 siRNA knockdown again inhibited SG 

formation, as shown by reduced eIF4G (red) granular localisation in cells lacking 

G3BP1 (green) (Fig. 4.12, Panel B, G3BP1#1 siRNA). In contrast, the few cells that 

completely lacked G3BP1, following knockdown with G3BP1#2 siRNA, were still 

able to form SGs, as shown by granular localisation of eIF4G (red), in the absence of 

green G3BP1 staining (Fig. 4.12, Panel B, G3BP1#2 siRNA). Although these 

granules appeared to be less robust than those seen in untreated cells, this result shows 

that SGs can form in the absence of G3BP1 expression. 
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Figure 4.12 Comparison of the effects of two different siRNAs on SG formation. U2OS cells were 
transfected twice over the course of 5 days with control (GFP) siRNA, G3BP1#1siRNA or G3BP1#2 
siRNA. Cells were reseeded onto 12-well plates for Western analysis and glass coverslips for 
immunofluorescence and treated with 1mM sodium arsenite for one hour. A) Cells were harvested by 
direct lysis, resolved by SDS-PAGE and transferred to a membrane. The two halves of the blot were 
obtained from two separate gels. Endogenous G3BP1 was detected with a monoclonal anti-G3BP1 
antibody. B) Cells were fixed and G3BP1 expression and localisation were detected by 
immunofluorescence, using a monoclonal anti-G3BP1 antibody (green). Cells were counterstained for 
SGs using a rabbit anti-eIF4G antibody (red). Size bar represents 25µm. 
 

Finally, a third G3BP1 siRNA was obtained (G3BP1#3). This siRNA caused 

substantial knockdown of G3BP1 protein expression in U2OS-FL cells, as detected 

by Western blot (Fig. 4.13, Panel A), but did not prevent SG formation following a 1-

hour treatment with arsenite (Fig. 4.13, Panel B1). However, red staining (G3BP1) 
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was clearly present in the SGs that formed in cells treated with siRNA#3, suggesting 

that residual levels of G3BP1 were sufficient to allow for SG formation.  

 
Figure 4.13 The effect of G3BP1 knockdown with a third siRNA. U2OS-FL cells were transfected 
twice over the course of 5 days with control (GFP) siRNA, G3BP1#1 siRNA or G3BP1#3 siRNA. 
Cells were reseeded onto 12-well plates for Western analysis and onto glass coverslips for 
immunofluorescence. Cells were then treated with 0.5mM sodium arsenite. A) Untreated cells and cells 
treated with 0.5mM sodium arsenite for 3 hours were harvested by direct lysis and each sample was 
resolved by SDS-PAGE and transferred to a membrane. The membrane was probed with mouse anti-
G3BP1, followed by rabbit anti-Actin. B) Cells were grown on glass coverslips and treated with 
0.5mM sodium arsenite for 1 hour. Cells were then fixed and endogenous G3BP1 expression and 
localisation was detected by immunofluorescence using a monoclonal anti-G3BP1 antibody (red). Cells 
were counterstained for SGs using a rabbit anti-eIF4G antibody (green), and cell nuclei were detected 
with DAPI (blue). The percentage of cells containing SGs is indicated (%SGs). Size bar represents 
25µm. 
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It is possible that the residual levels of G3BP1 were high enough to prevent a strong 

inhibition of SG formation with G3BP1#3, but not G3BP1#1. While spectral bleed-

through was not apparent in earlier experiments, where P-bodies and SGs were clearly 

observed to be separate structures in red and green respectively (refer to Fig. 4.4), or 

when Flag-tagged G3BP2a was shown to rescue SG inhibition (refer to Fig. 4.11), it 

is conceivable that bleed-through is responsible for this phenomenon. Although the 

same conditions were used for each experiment, in future trials it would be 

worthwhile to stain for each SG marker individually, in parallel with the multi-

channel staining, to completely rule out bleed-through. Whether G3BP1 is present in 

these SGs or not, cells treated with G3BP1#3 were able to form SGs despite 

substantial knockdown of G3BP1 protein expression.  

 

4.4 Discussion 

 

This report is the first to implicate SG formation itself in cell survival, downstream of 

eIF2α phosphorylation. The data also shows that G3BP1 plays a pivotal role in stress 

adaptation, as it promotes SG formation and cell survival. Although the precise 

function of SG formation in stress adaptation is still unclear, it would appear that 

appropriate SG formation and composition may facilitate the post-transcriptional 

regulation of gene expression required for cells to survive in sub-optimal conditions.  

 

G3BP1 and G3BP2 promote SG formation. It was initially important to confirm that 

G3BP1 localised to SGs, and to assess whether G3BP2 behaved in a similar manner. 

It was shown that over-expression of either Flag-tagged G3BP1 or G3BP2 each 

induced spontaneous SGs, although in fewer cells than that previously seen for the 

analogous GFP fusion proteins. The fact that DNA transfection alone induced 

spontaneous SG formation, and that this was strongly augmented by exogenous 

expression of GFP, explained why GFP-G3BP1 apparently induces more SGs than 

Flag-G3BP1. These data also clarified the concept of spontaneous SG formation. 

These granules do not literally form “spontaneously”, but instead, over-expression of 

SG proteins promotes SG formation in cells already stressed.  
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Further evidence was provided that the GFP tag may profoundly interfere with G3BP 

function at the SG. The G3BP phosphorylation mutant, G3BP1 S149E, which had 

previously been shown to induce SGs at a much lower rate than the wild type protein 

when fused to GFP (Tourriere et al., 2003), had no such effect when fused to the Flag 

tag. It is possible that other factors, such as unidentified mutations, may have also 

contributed to reduced SG formation with GFP-G3BP1 S149E. Sequence analysis of 

the GFP-G3BP1 clone (Tourriere et al., 2003) may reveal further mutations, which 

could implicate other sites of post-translational modification or mutation in G3BP 

function at the SG. Whatever the case, it will be necessary in the future to further 

analyse these findings with analogous clones fused to different tags.  

 

The potential roles of G3BP at the SG. The concept that SGs are dynamic sorting 

stations for mRNAs, and not merely sites of stalled translation, was supported and 

further explored in this chapter. It was shown that G3BP1 and G3BP2, like TIA-1, are 

core SG constituents, present in SGs induced by a variety of treatments. In stark 

contrast to TIA-1, both G3BP1 and G3BP2 concomitantly increased reporter gene 

expression and induced SG formation. While this data seems paradoxical if SGs are 

merely sites of stalled translation, it may actually provide insights into SG function, as 

well as important clues as to the specific role of G3BP at the SG.  

 

It was long ago observed in tomato cells that the bulk of the cell’s transcripts are not 

degraded during stress, and as such are available to be translated once stress is 

removed (Nover, 1989). At the SG, translation is inhibited and transcript stability is 

temporarily protected, while many transcripts retain the ability to be re-initiated for 

active translation. This is presumably facilitated by the presence of certain universal 

SG constituents, of which G3BP is one. TIA-1 may assist with repression of 

translation, and the presence of PABP1, translation initiation factors and the small 

ribosomal subunit enable the mRNAs to be rapidly reassembled for active translation 

when stress is removed (Kedersha et al., 2002; Kedersha et al., 2000; Kedersha et al., 

1999). Another universal SG constituent may protect transcripts from degradation 

during stress, or promote re-initiation when stress is removed. G3BP1 is a core SG 

constituent that promotes reporter gene expression, as well as the expression of 

certain target genes (Lypowy et al., 2005; Zekri et al., 2005), and therefore G3BP 

proteins are candidates for one of these roles.  
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While this proposal helps to explain the function of the SG with respect to the 

majority of transcripts, it falsely alludes to a fairly static SG structure, and does not 

consider that SG composition and specific transcript fate may vary. In fact, the SG 

was recently shown to be highly dynamic. G3BP1, TTP and TIA-1 rapidly shuttle in 

and out of the SG, while PABP1 displays slightly slower kinetics. Yet other proteins 

are relatively stable SG constituents, and thus may play a scaffolding or structural role 

(Kedersha et al., 2005). SG composition can vary depending on the type of stress, 

such that the fate of specific mRNA transcripts may be dictated by altered protein 

composition of the SG. In this way, SG formation may allow for exquisitely 

controlled responses to different stresses.  

 

This hypothesis is supported by the apparently exclusive recruitment of specific 

proteins to SGs induced by certain treatments. TTP, which facilitates ARE mRNA 

decay, is recruited to SGs induced by FCCP, but specifically excluded from arsenite-

induced SGs (Stoecklin, 2004). Furthermore, SGs induced by TTP over-expression 

readily fuse with P-bodies (Kedersha et al., 2005). This suggests that TTP routes its 

target mRNAs for decay at the P-body, via the SG. The same could not be shown for 

G3BP1, and in fact G3BP1 is specifically excluded from P-bodies (Kedersha et al., 

2005). In addition, preliminary data suggest that G3BP1 over-expression may reduce 

P-body numbers (data not shown). These findings seem to exclude a role for G3BP in 

mRNA decay at the P-body, and so the specific role of G3BP1 at the SG remains 

elusive.  

 

It is possible that G3BP1 promotes enhanced triage of specific transcripts at the SG 

during stress, and in this way mediates an optimal stress response. G3BP over-

expression induces an increase in reporter gene expression, and Zekri and 

collaborators (2005) showed that G3BP KO leads to reduced expression of various 

transcripts. The expression of G3BP protein is regulated via the PI3K pathway, which 

is involved in translational control (Huang et al., 2005). In addition, specific extra-

cellular signals can induce G3BP association with various mRNP complexes and re-

localisation to the polysome (Angenstein et al., 2002; Atlas et al., 2004). It is 

becoming clear that gene expression at all levels of control is closely integrated (see 

Chapter 1 for review), and so it is conceivable that G3BP may partly mediate 
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increases in gene expression at the level of translation. G3BP roles at the SG may 

therefore involve the rapid re-initiation of translation on stress removal, or selective 

translation of survival factors during stress. The precise mechanisms of G3BP action 

aside, it is plausible that these proteins dictate the fate of various transcripts at the SG, 

and in this way ensure optimal stress adaptation. Identification of specific mRNA 

targets will undoubtedly facilitate analysis of the precise roles of G3BP at the SG, and 

this is addressed in Chapter 5.  

 

SG formation may be required for optimal stress adaptation and cell survival. At the 

inception of this project, it was not clear just how important the SG itself is for 

facilitating an appropriate stress response. In this chapter it was shown that inhibition 

of SG assembly by specific G3BP1 knockdown (G3BP1#1 siRNA) had a detrimental 

effect upon cell survival, following treatment with sodium arsenite. Significantly, this 

appeared to occur without inhibition of eIF2α phosphoryaltion, implicating G3BP1 

and SG formation as effectors of stress adaptation downstream of eIF2α 

phosphorylation.  

 

While G3BP2 was dispensable for arsenite-induced SG formation, both G3BP1 and 

G3BP2 were required for SG formation in response to clotrimazole. In work carried 

out in follow up to this study, it has been discovered that the knockdown of many SG 

components will inhibit clotrimazole-, but not sodium arsenite-induced SGs (Nancy 

Kedersha, Brigham and Women’s Hospital, Boston, personal communication).  

 

The mechanism of action of arsenite has been extensively studied. Arsenite induces 

oxidative stress (Iordanov and Magun, 1999), with activation of various MAPK 

cascades (Stoecklin, 2004), as well as caspase activation (Hossain et al., 2000). Initial 

studies in erythroid cell lines showed that arsenite activates HRI to phosphorylate 

eIF2α (Lu et al., 2001), and it was recently discovered that HRI is the primary eIF2α 

kinase activated by arsenite in non-erythroid cells also (McEwen et al., 2005).  

 

The mechanism of clotrimazole action is less clear, but like arsenite, it has also been 

reported to induce oxidative stress (Trivedi et al., 2005). In addition, clotrimazole 

induces energy deprivation and apoptosis, through induction of Hexokinase II 
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dissociation from the mitochondria (Penso and Beitner, 1998; Penso and Beitner, 

2002). One study also suggested that clotrimazole activates PKR to phosphorylate 

eIF2α (Aktas et al., 1998).  

 

The data presented in this chapter suggest that clotrimazole may induce 

phosphorylation of eIF2α, but to a lesser extent than sodium arsenite. It appears likely 

that G3BP1 and G3BP2 knockdown inhibit clotrimazole-induced SG formation 

downstream of eIF2α phosphorylation. Given that clotrimazole is less efficient at 

inducing changes in the level of phosphorylated eIF2α than sodium arsenite, it is 

possible that SG formation in response to clotrimazole is more dependent upon 

downstream factors, and therefore more easily inhibited by their removal. Conversely, 

if PKR is the only eIF2α kinase activated by clotrimazole treatment, then it may be 

that clotrimazole SGs are more easily inhibited by the absence of downstream factors, 

because of the mild PKR activation and stress conditioning induced by siRNA 

transfection.  

 

This hypothesis could be tested by direct measurement of PKR activation following 

siRNA transfection. Cells transfected with siRNA may also have heightened 

clotrimazole resistance, and therefore improved cell survival following clotrimazole, 

but not arsenite, treatment. In this case, the absence of SG formation following siRNA 

transfection and clotrimazole treatment may be as much due to stress conditioning, as 

to the absence of a required SG component. Whatever the case, it is clear that further 

investigation of how various proteins affect SG formation in response to different 

treatments will provide information about the precise mechanisms of SG formation. 

 

It was previously shown that the inhibition of eIF2α phosphorylation prevents SG 

formation and reduces cell survival (McEwen et al., 2005). This suggested that SG 

formation itself may be required for optimal defence against stressful stimuli. 

Conversely, the phenotype observed may have been wholly due to the fact that 

phosphorylation of eIF2α directly inhibits global translation in favour of selective 

translation of survival factors. This is an obvious mechanism by which to promote 

cell survival during stress, and may not require SG formation.  
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The data presented in this chapter suggest that SG formation can be inhibited 

downstream of eIF2α phosphorylation, and this inhibition led to reduced cell survival 

in the face of stress. It is now clear that knockdown of either phosphorylated eIF2α 

(McEwen et al., 2005) or G3BP1 (with G3BP1#1 siRNA) can inhibit SG formation, 

and each leads to increased cell death following treatment with arsenite. This suggests 

that SG formation itself is required for appropriate stress adaptation and cell survival. 

Given the important role of selective translation in stress adaptation, it will be 

interesting to examine how SG knockdown in the presence of phosphorylated eIF2α 

affects selective translation. 

 

Further data presented in this chapter questioned the absolute necessity for G3BP1 in 

the formation of arsenite-induced SGs. The rescue of SG formation by G3BP2a over-

expression does indicate some specificity of knockdown with G3BP1#1 siRNA, 

because G3BP2 is highly homologous to G3BP1. However, it also shows that G3BP1 

is not essential for SG formation. The latter point is probably not relevant in situ, 

because when the severe G3BP1 KO phenotype is considered (Zekri et al., 2005), 

whatever the specific mechanisms, it would appear that even if G3BP2a expression is 

upregulated by lack of G3BP1 in situ, it is unlikely to compensate for it.  

 

While limited knockdown of G3BP1 with G3BP1#2 siRNA hampered analysis, use of 

this siRNA did suggest SGs could form in the absence of G3BP1. Use of G3BP1#3 

siRNA further showed that SGs will form when the total level of G3BP1 protein is 

markedly reduced. This would again suggest that SG formation itself, rather than the 

presence of high levels of G3BP1, is the factor required for cell survival in stressful 

conditions. These data also suggest that G3BP1#1 siRNA acts in various ways to 

prevent SG formation, aside from knocking down G3BP1. It may also be that lack of 

G3BP1 leads to dysfunctional SG formation, rather than complete inhibition, and in 

this way still affects cell survival. It will thus be important in future to analyse the 

effects of various G3BP1 siRNAs on cell survival and RNA triage at the SG.  

 

It is important to acknowledge that G3BP functions unrelated to SG formation may 

contribute to the pro-survival phenotype of G3BP. The role of SGs per se in cell 

survival may be further assessed by measuring cell death following other methods of 
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SG inhibition, such as treatment with cycloheximide. This may be compared with 

puromycin treatment, since both cycloheximide and puromycin inhibit translation, but 

only cycloheximide inhibits SG formation (Kedersha et al., 2000).   

 

G3BP1 is a universal SG constituent, and its knockdown with G3BP1#1 had a 

detrimental effect on cell survival, so it is most likely required for optimal defence 

against stress. The question of G3BP1 as a necessary component of SGs can only be 

answered definitively through analysis of SG formation in G3BP1 KO cells. 

Whatever the outcome of such studies, G3BP1#1 siRNA is nevertheless a tool to 

enable SG inhibition without preventing eIF2α phosphorylation, so is worth utilising 

in further studies.  

 

G3BP1 knockdown may facilitate analysis of the pathways that integrate SG 

formation, cell survival and death. Initially, cell survival following SG inhibition 

would need to be assessed more thoroughly. This may be achieved through use of a 

variety of cell death assays that distinguish between necrosis and apoptosis. For 

example, Annexin-V/Propidium iodide (PI) fluorescent staining utilises the fact that 

phosphatidylserine (PS) translocates from the inner side of plasma membrane to outer 

side during apoptosis, and only from here can a labelled Annexin-V bind it. Cells are 

counterstained with PI, which stains nuclei, but cannot pass through the plasma 

membrane of intact cells. Therefore, normal cells remain unstained, apoptotic cells 

only stain for Annexin-V as their membranes remain intact, and necrotic cells stain 

for both Annexin-V and PI. Such a test would be far more sensitive than either trypan 

blue staining, which relies on membrane disruption, or DAPI staining, which detects 

only late-stage DNA fragmentation and nuclear condensation.  

 

Following SG inhibition, detecting changes in the onset of apoptosis, distinguishing 

between apoptosis and necrosis, as well as measuring the activation of various stress-

induced signalling cascades, may provide information about the pathways which link 

SG formation to cell survival and death. Inhibition of the arsenite-inducible c-jun N-

terminal kinase (JNK) pathway, which is pro-apoptotic, but also paradoxically 

required for cell survival, specifically affects early-stage apoptosis, thereby slowing 

the onset of cell death in response to stress, but not preventing it altogether (Krilleke 
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et al., 2003). In this chapter, it was reported that SG dynamics alter depending on the 

severity of stress. Therefore, study of SG formation and cell survival with milder and 

varied stress treatments should provide further information about SG dynamics, and 

how this relates to cell death and survival. In addition, the examination of the various 

signal transduction pathways activated by transfection with G3BP1#1 siRNA, in the 

absence of stress, may also provide insight into the mechanisms of SG formation. 

 

Recent evidence suggests that several pathways activated by stress signals initially 

promote cell survival, but that these same pathways eventually enable apoptosis. 

Upon mild caspase activation, the GTPase domain of RasGAP is cleaved off, leading 

to formation of an anti-apoptotic peptide, n-GAP. Apoptosis is only able to ensue 

once n-GAP is further degraded by increased caspase activity (Yang et al., 2004a; 

Yang et al., 2004b; Yang et al., 2005). This is of particular relevance to G3BP1, 

because it binds the N-terminus of RasGAP (Parker et al., 1996), co-localises with 

RasGAP in cytoplasmic granules (Barnes et al., 2002), requires the cellular presence 

of RasGAP to bind certain mRNA targets (Lypowy et al., 2005), and as shown in this 

chapter, may help to mediate optimal survival in stressful conditions. The presence of 

constitutively active Ras has also been shown to enhance SG formation (Tourriere et 

al., 2003). These results suggest that examination of RasGAP-G3BP interactions 

during stress will provide important information about the co-ordination and 

intersection of cell death and survival pathways. 

 

Summary. The G3BP1 KO phenotype of increased cell death is especially evident in 

neural cells, despite expression in a wide range of wild-type tissues (Zekri et al., 

2005). It was recently discovered that SGs are constitutively present in certain neural 

tissues, but increase in size and number when cells are exposed to stress. In addition, 

altered SG dynamics in neural cells are associated with increased cell death (Kayali et 

al., 2005). This confirms an in situ role for SGs, and taken together with the data 

presented in this chapter, may help to explain why G3BP1 is essential for neural cell 

survival during embryogenesis.  

 

The studies outlined in this chapter clearly implicate the SG itself in cell survival, and 

suggest that G3BP1 has a fundamental role to play in this process. To facilitate an 

understanding of the precise function of G3BP1 at the SG, identification of specific 
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G3BP1 RNA targets will be necessary. It can then be ascertained which of these 

transcripts are shunted to the SG during stress, and how this affects target mRNA 

translation, as well as transcript levels and stability. Such investigations will also 

determine how mRNA fate is decided at the SG and how this may facilitate an 

appropriate stress response. 
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CHAPTER 5 

 

Pilot study to identify novel G3BP RNA targets 

 
5.1 Introduction 

 

To further address G3BP’s roles in both the regulation of specific transcripts, as well 

as in SG biology, it is imperative that RNA ligands be identified. At present, no RNA 

transcripts are known to interact with G3BP2, although the protein has been isolated 

as part of an active-translating mRNP complex (Angenstein et al., 2002). On the other 

hand, several mRNA targets for G3BP1 have been suggested, and three coding 

mRNAs have recently been isolated in G3BP1 immunoprecipitates: cdk7, cdk9 

(Lypowy et al., 2005), and insulin-like growth factor II (IGF-II) (Zekri et al., 2005). 

Based on these few targets, the functional relationship between G3BP and its RNA 

ligands is difficult to interpret; however, it appears that G3BP1 may modulate 

transcript levels such that target gene expression is upregulated or downregulated, and 

that this may be dictated by different target sequence elements.  

 

Ribonomics. Currently, much is known about gene regulation at the level of 

transcription and translation, but knowledge about the intermediate steps, which must 

effect the observed variations between the trancriptome and the proteome, is limited 

(Tenenbaum et al., 2002). It is believed that mRNP isolation in different cell types 

and contexts will facilitate examination of the post-transcriptional mechanisms of 

gene regulation, and such analyses are the foundation of a new field of study, 

“ribonomics” (Tenenbaum et al., 2002). Simply, an RNA binding protein of interest is 

isolated, and the complexed RNA and protein are purified and analysed by various 

methods. Microarray has been successfully utilised in such studies to identify specific 

RNA targets for TIA-1 (Lopez de Silanes et al., 2005), FMRP (Brown et al., 2001) 

and Hu proteins (Tenenbaum et al., 2000), each co-purified with their ligands by 

immunoprecipitation. In each case, experimental parameters varied, but the technique 

was verified through enrichment of previously confirmed RNA ligands in the 

immunoprecipitated material.  
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Investigative approach and outcomes. A pilot study was undertaken to identify 

G3BP RNA ligands using the model assays pioneered by Tenenbaum and 

collaborators. Cell lines stably expressing epitope-tagged versions of G3BP were 

utilised, because epitope-tagging alleviates the need for production and optimisation 

of various antibodies for immunopreciptation. Epitope-tagging is also reported to 

enhance the antibody accessibility of target proteins, which may be buried deep 

within mRNP complexes (Tenenbaum et al., 2002). G3BP1 RNA targets were 

examined in this instance, because several transcripts were previously shown to 

immunoprecipitate with the protein, and would therefore serve as positive controls. It 

is envisaged that the en masse identification of G3BP1 and G3BP2 RNA binding 

partners will enable detection of common sequence elements and functional grouping 

of RNA targets, which in turn, will inform the implementation of functional analyses 

that dissect the apparently opposing roles of G3BPs in RNA metabolism. 

 

5.2 Materials and Methods 

 

5.2.1 DNA constructs 

 

The reporter plasmids, pB7 and pB7-ARE, respectively harbouring the β-globin gene 

or the β-globin gene fused to the TNFα ARE, were kindly provided by Georg 

Stoecklin (Brigham and Women’s Hospital, Boston). All other constructs used are 

described in Section 4.2.2. 

 

5.2.2 Antibodies 

 

All antibodies used are described in Sections 4.2.3, except for mouse anti-PABP1 

(Abcam, 10E10). 

 

5.2.3 Cell culture and transfections 

 

Cells were maintained in DMEM supplemented with 10% FCS (Gibco). To 

immunoprecipitate Flag-tagged proteins, a 10 cm dish of COS7 cells were first 

transfected with 12µg DNA, including 4-8µg Flag-tagged construct and 4-8µg 
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reporter plasmid. All other transfection steps were carried out as described in Section 

3.2.5. Stable cell lines, U2OS-FL-G3BP1, U2OS-FL-G3BP1 ABC and U2OS-FL, as 

described in Section 4.2.5, were also utilised in these studies. 

 

5.2.4 Cell extracts, SDS-PAGE and Western blotting 

 

Cells were harvested by direct lysis, resolved by electrophoresis, and subjected to 

Western analysis as described in Section 3.2.6. 

  

5.2.5 Immunoprecipitation and RNA extraction 

 

All steps for immunoprecipitation of RNA required the use of RNase-free technique. 

The technique was adapted from previously published methods (Tenenbaum et al., 

2002). COS7 cells were transfected with 10-12µg of DNA in 10cm dishes and 

reseeded for various analyses 24 hours later. At 48 hours post-transfection, a 10cm 

dish of cells was rinsed twice with PBS. At this point, 400µl of ice-cold complete 

lysis buffer (CLB: 1% NP40, 50mM Tris-Cl, pH 8.0, 150mM NaCl, 1mM MgCl2, 

10% glycerol, Roche complete protease inhibitor, EDTA-free) was added to each 

plate and cells were harvested into a 1.5ml microfuge tube using a cell scraper. Cell 

lysates were tumbled at 4°C for 15 min and subsequently spun at 5000g for 5 min.  

 

Two portions of the total cell lysate (5% and 10% respectively) were set aside as input 

protein and input RNA. The RNaqueous RNA extraction kit (Ambion) was used to 

purify input RNA. The remaining supernatant was then pre-cleared by addition of 

30µl of a 50% slurry of Pierce Ultralink Protein A/G beads in CLB. Lysates were then 

tumbled for one hour at 4°C and subsequently spun at 2000g for 2 min. At this point, 

2µg of monoclonal anti-Flag antibody was added to the supernatant and tumbled at 

4°C for 2 hours, followed by addition of 30µl of a 50% slurry of Pierce Ultralink 

Protein A/G beads in CLB. Lysates were tumbled for a further 2 hours before beads 

were washed with 8 x 800µl CLB. Beads were resuspended in 400µl CLB. A portion 

of the immunprecipitated material (20%) was set aside for protein analysis. Bound 

protein was removed from the beads by incubation in 20µl of 2x sample buffer (as per 

Section 2.2.5) without DTT for 10 min at RT. A 10µl aliquot of input protein and 
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immunoprecipitated protein was then resolved by SDS-PAGE and analysed by 

Western blot. Aliquots of cell lysate were taken at various other stages of 

immunoprecipitation and analysed by Western blot, as indicated in the results section. 

 

The remaining immunoprecipitate (80%) was subjected to RNA purification using the 

method published by Gough (Gough, 1988). Briefly, an equal volume of RNA 

extraction buffer (350mM NaCl, 10mM Tris-Cl pH 7.5, 10mM EDTA, 1% SDS, 7M 

Urea) was added to the beads suspended in lysis buffer. The same volume of 

phenol/chloroform/isoamylalcohol (25:24:1) was then added and the sample was 

vortexed for 1 min, heated at 65°C for 10 min then spun at >10 000g for 20 min at 

room temperature. The aqueous phase was recovered and RNA was precipitated with 

50% isopropanol, with 50µg yeast transfer RNA (tRNA) as RNA carrier. Tubes were 

then spun at >10 000g for a further 20 min then washed with 70% ethanol. 

 

To allow for microarray analysis of immunoprecipitated RNA from stable cell lines 

(U2OS), the procedure was slightly modified. Two confluent 15cm dishes of U2OS-

FL, U2OS-FL-G3BP1 or U2OS-FL-G3BP1ABC cells were rinsed with Hank’s 

Balanced Salt Solution (HBSS) before being harvested by scraping in 10ml of fresh 

HBBS. Cells were then washed 3 times with 30ml of HBSS. Each pellet was then 

lysed in RNA coIP lysis buffer, which consisted of CLB with phosphatase inhibitors 

(50mM sodium fluoride, 20nM oxadaic acid, 1mM sodium vanadate). RNase 

inhibitor (RNasin, Promega) was added to a final concentration of 1U/µl. Lysates 

were tumbled for 15 min at 4°C, then spun at 2000g for 10 min to pellet the nuclei. 

Two portions (2.5 and 5%, respectively) were set aside as input protein and input 

RNA for quality analysis, while a further 10% was set aside as input RNA for 

microarray analysis. The RNA was extracted using the RNaqueous kit (Ambion). For 

microarray analysis the samples were precipitated with lithium chloride, according to 

kit instructions. 

 

Cytoplasmic lysates were pre-cleared through addition of 100µl of a 50% slurry of 

pre-washed Pierce Ultralink Protein A/G beads. Non-specific RNA interactions were 

blocked through addition of 100µg/ml heparin (Sigma). Samples were tumbled for 1.5 

hours at 4°C and then beads were removed by spinning at 2000g for 2 min at 4°C. 



Chapter 5                                                                                                                      G3BP RNA ligands  

 154 

10µg of Sigma monoclonal anti-Flag (M2) antibody was added to each pre-cleared 

lysate and tumbled at 4°C for 1.5 hours, before addition of 150µl of Pierce Ultralink 

Protein A/G beads. Samples were spun at 2000g for 2 min to recover beads. Two 

portions (2.5% and 5% respectively) were removed from the supernatant for analysis 

of unbound protein and unbound RNA. Unbound RNA was extracted using the 

RNAqeous kit (Ambion). Beads were washed 8 x 1ml lysis buffer and then 

resuspended in 1ml lysis buffer. A portion (5%) of the beads was removed for protein 

analysis, while RNA was extracted from the remainder using the Gough method 

(Gough, 1988). A 5% portion was saved for Northern blot analysis while the 

remainder was saved for microarray analysis. RNA was precipitated with 50% 

isopropanol with 25ng/µl glycogen (Sigma, molecular biology grade) as RNA carrier. 

When room temperature storage was required, the air-dried samples were resuspended 

in 50µl RNAlater (Ambion) and recovered by column desalting (Qiagen). RNA was 

subsequently column desalted (Qiagen) and quality was observed using an Agilent 

2100 Bioanalyser.  

 

5.2.6 Northern blots 

 

Probes were generated using PCR amplification from cDNA or appropriate 

constructs, incorporating DIG-labelled dNTPs (PCR DIG labelling mix, Roche). 

Some primers used are described in Section 3.2.9. Primers to generate globin and 

nucleolin probes were provided by Georg Stoecklin (Brigham and Women’s Hospital, 

Boston). The primers for: i) the globin probe were G29 (5′-

GGTTGTCTACCCATGGAC-3′) and G30 (5′-GTGGTATTTGTGAGCCAG-3′ and; 

ii) the nucleolin probe were G83 (5′-TTACAAAGTCACTCAGGATG-3') and G84 

(5'AGCTTCTTTAGCGTCTTCG-3') (Stoecklin, 2004). Primers to create ribosomal 

RNA (rRNA) probes were designed by Kerry Inder (Griffith University, Brisbane). 

Primers for:  i) 18S rRNA were 18SF (5′-TTCGATGGTAGTCGCCGTGC-3′) and 

18SR (5′-CCCGCTCCCAAGATCCAACT-3′) and; ii) 28S rRNA were 28SF (5′-

GGGCCGAAACGATCTCAACC-3′) and 28SR 

(5′GGGCTAGTTGATTCGGCAGG-3′). Total input RNA, and immunoprecipitated 

RNA were resolved by agarose/formaldehyde gel electrophoresis, visualised by UV 

trans-illumination, and subjected to Northern analysis as described in Section 3.2.9.  
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5.2.7 RNA amplification and labelling 

 

The Amino Amyl MessageAmp kit (Ambion, #1752) was used to amplify total RNA 

and RNA purified from immunoprecipitates. To amplify RNA without a 3′UTR bias, 

first strand cDNA synthesis was primed with random T7 primers (provided by 

Christine Wells, Griffith University, Brisbane) instead of T7 oligo(dT). Incorporation 

of the T7 promoter in the cDNA allowed for RNA polymerase II-mediated in vitro 

transcription of the double stranded DNA, which was generated following second 

strand cDNA synthesis. Total RNA was subjected to only one round of amplification, 

while the immunoprecipitated material went through two rounds of amplification. At 

the final round of amplifcation, amino allyl UTP (aaUTP) was incorporated during in 

vitro transcription of double stranded DNA. The resulting antisense RNA (aRNA) 

was purified using the MegaClear kit (Ambion). The integrity of aRNA and the 

success of amplification were assessed using the Agilent 2100 Bioanalyser with the 

RNA 6000 Assay (Agilent Technologies) and the RNA 6000 ladder (Ambion). The 

aRNA was vacuum-dried and coupled via the amino allyl group to cy3 (test) or cy5 

(reference) dyes (Amersham Biosciences) using the aRNA:Dye Coupling Reaction as 

described in the MessageAmp manual. The samples were purified using MegaClear 

columns. The dye-coupling efficiency and aRNA concentration were each assessed by 

spectrophotometry, as described in the MegaClear manual. The number of dye 

molecules incorporated per 1000 nt was determined using the dye incorporation 

calculator at http://www.ambion.com/techlib/misc/aama_dye_calc.html. The labelling 

reactions were considered successful if 20-50 dye molecules were incorporated per 

1000 nt. 

 

5.2.8 Chip Hybridisation 

 

Total amplified aRNA from U2OS-FL-G3BP1 cells was labelled with cy5, and used 

as reference material for each hybridisation. Three hybridisations were carried out 

against this reference material, using cy3 labelled aRNA from: i) U2OS-FL-G3BP1 

RNA IP ii) U2OS-FL RNA IP and iii) Total U2OS-FL RNA. The labelled aRNA was 

mixed and hydrolysed into fragments 60-200nt long, using RNA fragmentation buffer 

(200mM Tris-acetate, pH 8.1, 150mM magnesium acetate, 500mM potassium 
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acetate), as instructed in the MegaClear manual. The fragmented aRNA (1-5µg) was 

used to probe Human Compugen 19000 (19K) oligoset microarray slides, provided by 

the Special Research Centre (SRC) for Functional and Applied Genomics (Brisbane, 

Australia). SSC (150mM sodium chloride, 15mM sodium citrate) was the basis of all 

blocking and wash solutions. Slides were first blocked in pre-hybridisation solution 

(2x SSC, 0.5% SDS, 0.1% BSA) and rinsed in milliQ water, then spun dry at 700g for 

5 min. The probe solution (fragmented aRNA mix, 4x SSC, 50% formamide, 0.5% 

SSC) was denatured at 65°C for 5 min before being applied to the slide and incubated 

in a humidified chamber overnight at 42°C. Slides were then washed twice in Wash 

buffer 1 (2x SSC, 0.1% SDS) then once in Wash buffer 2 (2x SSC). Slides were spun 

dry (700g, 5 min) before proceeding to the data acquisition step. 

 

5.2.9 Data acquisition and analysis 

 

Hybridised arrays were scanned on an Axon 4000B microarray scanner. Images were 

loaded into GenePix (R) Pro (Axon Instruments) for gridding, gene ID and data 

extractions. Annotations of gene lists were provided by the SRC for Functional and 

Applied Genomics web server: http://www.microarray.imb.uq.edu.au/. Data was 

flagged for empty spots, abnormal spot morphology, low signal intensity and high 

signal/noise ratio, then loaded into GeneSpring6 (Silicon Genetics) for analysis.  

 

5.3 Results 

 

5.3.1 Flag-tagged RNA binding proteins immunoprecipitate with reporter RNA  

 

It was first determined if immunoprecipitation would allow for co-purification of 

Flag-tagged proteins with reporter mRNA. TTP is a well-known ARE-binding protein 

(Lai, 1999), which was previously shown to immunoprecipitate with a reporter 

bearing the tumour necrosis factor α (TNF-α) ARE (Georg Stoecklin, Brigham and 

Women’s Hospital, Boston, personal communication). Consistent with this, co-

immunoprecipitation of transiently transfected Flag-tagged TTP with a β-globin 

reporter bearing the TNF-α ARE was achieved in COS7 cells. The endogenous 

transcript, nucleolin, which is not a TTP target, was not present in the 
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immunoprecipitate (Fig. 5.1, Panel A). This result provided a valuable positive 

control for the procedure. 

 

It was not known if G3BP would specifically immunoprecipitate with RNA ligands. 

Experiments outlined in Chapter 3 challenged the premise that G3BP acts as an 

endoribonuclease on c-myc via the 3′UTR, but it was still not clear if G3BP 

specifically interacts with c-myc RNA through this region. A mutant protein, G3BP1 

ABC, which does not contain an RNA binding domain, was included to test the 

specificity of any interaction. Western blot analysis showed that protein 

immunoprecipitation was successful for both full-length and mutant Flag-tagged 

proteins, but that less mutant protein was present in the cytoplasmic lysate and the 

immunoprecipitate (Fig. 5.1, Panel B).  
 

 
Figure 5.1 Immunoprecipitation of Flag-tagged TTP and G3BP1 with reporter mRNA. COS7 
cells were transfected with various Flag-tagged constructs and reporter genes before being harvested 
for immunoprecipitation 48 hours post-transfection. Immunoprecipitations were carried out using a 
monoclonal anti-Flag antibody. RNA and protein from total cell lysates (Input) and immunoprecipitates 
(IP) were subjected to Northern and Western analysis, respectively. A) Cells were co-transfected with 
pB7-ARE (which expresses T7-tagged β-globin fused to the 3′UTR of TNF-α; labelled globin-ARE), 
and either pcDNA3 (control) or pcDNA3-FL-TTP (TTP). RNA samples were subjected to Northern 
blot to detect β-globin and nucleolin mRNA. B) Cells were transfected with pCMV4-Flag (FLAG), 
pCMV4-Flag-G3BP1 ABC (G3BP1 ABC) or pCMV4-Flag-G3BP1 (G3BP1), along with either pSG5-
luciferase or pSG5-luciferase-c-myc-3′UTR, and subjected to Western blot using a rabbit anti-Flag 
antibody. C) RNA obtained from B was analysed by Northern blot to detect luciferase-c-myc-3′UTR 
(Luc-myc), luciferase (Luc) and gapdh mRNA.   
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RNA from these immunoprecipitates was isolated and subjected to Northern analysis. 

Flag-tagged G3BP1 and G3BP1 ABC each immunoprecipitated with luciferase-only 

and luciferase-c-myc-3′UTR RNA (Fig. 5.1, Panel C). Neither protein exhibited 

preference for the reporter bearing the c-myc 3′UTR. Consistent with 

immunoprecipitated protein levels, the levels of immunoprecipitated reporter were 

lower for the G3BP mutant than full-length G3BP1. The endogenous transcript, 

gapdh, was not detected in any of the immunoprecipitates (Fig. 5.1, Panel C), even 

when the membrane was exposed for longer periods (data not shown). These results 

suggest that G3BP does not specifically or preferentially interact with c-myc through 

the 3′UTR. It is clear that the technique allowed for successful purification of RNA 

with Flag-tagged proteins, but given the propensity of the mutant protein to 

immunoprecipitate with reporter RNA, the specificity of the procedure required 

further investigation.  

 

5.3.2 Specific target reporter mRNA is enriched in TTP immunoprecipitates  

 

A set of experimental controls were analysed to further assess the validity of the 

technique. Various Flag-tagged proteins were co-transfected with a range of reporter 

contructs. Flag-tagged TTP was used as a positive control, whereas MK2, a non-RNA 

binding protein, was used as negative control. Reporter combination 1 consisted of 

luciferase-only and β-globin-TNFα-ARE reporters, while reporter combination 2 

consisted of luciferase-c-fos-ARE and β-globin-only reporters. Western blot analysis 

proved that each of the transiently transfected Flag-tagged genes, G3BP1, TTP and 

MK2 were expressed in COS7 cells, and successfully immunoprecipitated with the 

anti-Flag antibody (Fig. 5.2, Panel A). The diffuse appearance of the TTP band is 

consistent with previous observations and is caused by various states of TTP 

phosphorylation (Carballo et al., 2001; Stoecklin et al., 2004). 

 

Both input and immunoprecipitated reporter RNA were analysed by Northern blot 

(Fig. 5.2, Panel B). MK2, a non-RNA binding protein, did not co-immunoprecipitate 

with any reporter mRNA in these experiments (Fig. 5.2, Panel B, Immunoprecipitated 

RNA). TTP destabilising activity was strongly directed to the reporters bearing an 

ARE, as evidenced by the complete lack of signal for reporters bearing an ARE, in the 
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TTP input RNA (Fig. 5.2, Panel B, Input RNA). It is unclear why the luciferase-c-fos-

ARE mRNA resolved as two bands, but TTP did appear to target it for decay, as 

evidenced by the lack of signal in the input RNA. Despite the low input levels of ARE 

reporter RNA induced by TTP activity, the TTP immunoprecipitates contained large 

amounts of these transcripts.  

 

 
Figure 5.2 Immunoprecipitation of various Flag-tagged proteins with reporter mRNA. COS7 
cells were transfected with either pCMV4-Flag (FLAG), pCMV4-Flag-G3BP1 (G3BP1), pcDNA3-
Flag-TTP (TTP) or pcDNA3-Flag-MK2EE (MK2) and co-transfected with one of two reporter 
combinations. Reporter 1 consisted of pSG5-luciferase and pB7-ARE (Luc-only + globin-ARE) and 
Reporter 2 consisted of pSG5-luciferase-c-fos-ARE and pB7 (Luc-ARE + globin-only). Cells were 
subjected to immunoprecipitation using a monoclonal anti-Flag antibody. A) Cell lysates (Input 
protein) and immunoprecipitated protein were analysed by Western blot using a polyclonal anti-Flag 
antibody. B) Total RNA (Input RNA) and immunoprecipitated RNA were subjected to Northern blot to 
detect luciferase and β-globin reporter mRNA.  
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Consistent with data presented in Chapter 3, TTP over-expression also appeared to 

cause slight decreases in the level of the other reporter transcripts (equal loading of 

input RNA was assessed by UV trans-illumination, and confirmed by a subsequent 

probe for rRNA in Fig. 5.3). Non-specific reporter mRNA was also 

immunoprecipitated with TTP. Nevertheless, it is apparent that if input levels of 

reporter mRNA had been equivalent, TTP would have pulled down more specific 

target than non-specific reporter mRNA. This is especially clear for the previously 

confirmed target, the β-globin reporter bearing the TNFα ARE. In other words, there 

was an enrichment for specific target reporter mRNA in TTP immunoprecipitates. 

Flag-tagged G3BP1 again pulled down small quantities of all reporter mRNAs above 

background levels, with no particular preference for the transcript bearing the c-myc 

3′UTR. 

 

5.3.3 G3BP1 does not co-immunoprecipitate with PABP1 or ribosomal RNA.  

 

Co-immunoprecipitation of non-specific reporter RNA did not occur with a non-RNA 

binding protein, MK2, suggesting that G3BP pull-down of various reporters is not 

simply background. G3BP1 and TTP may immunoprecipitate with non-specific 

reporter mRNA because of various interactions with general RNA-binding factors 

and/or ribosomes. The presence of ribosomal RNA (rRNA) and PABP1 in G3BP and 

TTP immunoprecipitates was used in this study to assess such interactions (Fig. 5.3). 

 

The 28S and 18S transcripts are the major rRNA transcripts present in the 60S and 

40S ribosomal subunits. A small amount of both 28S and 18S rRNA were pulled 

down by immunoprecipitation, even in the negative (Flag/empty vector) control. 

Neither G3BP1 nor MK2 appeared to pull down much higher than background levels 

of rRNA. Conversely, TTP immunoprecipitated with large amounts of rRNA (Fig. 

5.3, Panel A). TTP also immunoprecipitated with PABP1, while G3BP1 and MK2 did 

not (Fig. 5.3, Panel B). 

 

The majority of the interaction between TTP, ribosomes and PABP1 may occur 

indirectly, via TTP target RNA associated with mRNP complexes and polysomes. 

However, it is also possible that TTP interacts with ribosomes and PABP1 as part of 
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general RNA binding complexes, and that this causes immunoprecipitation of TTP 

with many reporter mRNAs. These results do not explain why G3BP1 and G3BP1 

ABC co-immunoprecipitate with small amounts of reporter mRNA, above 

background levels.   
 

 
Figure 5.3 Immunoprecipitation of various Flag-tagged proteins with rRNA and PABP1. COS7 
cells were transfected with either pCMV4-Flag (FLAG), pCMV4-Flag-G3BP1 (G3BP1), pcDNA3-
Flag-TTP (TTP) or pcDNA3-Flag-MK2EE (MK2) and co-transfected with one of two reporter 
combinations (described in Section 5.3.2). A) Total RNA (Input RNA) and immunoprecipitated RNA 
were subjected to Northern blot to detect rRNA subunits, 28S and 18S. B) Total protein (input) and 
immunoprecipitated (IP) protein, previously assessed for the presence of the Flag-tagged protein (Fig. 
5.3), were further probed by Western blot to detect PABP1. 
 

5.3.4 Stable Flag-tagged G3BP1 localisation mimics that of the endogenous protein  

 

As reported in Chapter 4, transiently expressed Flag-tagged G3BP1 nucleates SGs, 

mimicking the behaviour of the endogenous protein during stress. Specific protein 

and RNA interactions are likely affected by this localisation pattern. Conversely, the 

localisation of Flag-tagged G3BPs in stably transfected U2OS cells was similar to that 

seen for the endogenous proteins in normal culture conditions. Stably expressed 

G3BP1 did not nucleate spontaneous SGs, and displayed a predominantly cytoplasmic 
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localisation pattern (Fig. 5.4), suggesting stably expressed G3BP1 closely mimics the 

endogenous protein. For this reason, stable cell lines were used instead of transiently 

transfected cells in all further analyses to identify valid RNA targets.  

 

 
Figure 5.4 Expression of endogenous G3BP1 and Flag-tagged G3BP1 in U2OS cells. A) U2OS 
cells and B) U2OS cells stably transfected with pCMV4-Flag-G3BP1 (U2OS-FL-G3BP1) were plated 
onto glass coverslips and subjected to immunofluorescent analysis. Endogenous G3BP1 in U2OS cells 
was detected using a monoclonal anti-G3BP1 antibody. Flag-tagged G3BP1in U2OS-FL-G3BP1 cells 
was detected using a monoclonal anti-Flag antibody. Size bar represents 25µm. 
 

5.3.5 Successful immunoprecipitation of Flag-tagged G3BP1 and G3BP1 ABC 

from stable cell lines  

 

Results from previous experiments suggested that G3BP1 may immunoprecipitate 

with some transcripts via indirect interactions, because G3BP1 ABC, which lacks an 

RNA binding domain, pulled down reporter mRNA. To control for this phenomenon, 

stable cell lines harbouring the full-length Flag-tagged G3BP1 or G3BP1 ABC, were 

both subjected to immunoprecipitation for subsequent microarray analysis of isolated 

RNA.  

 

Both Flag-tagged G3BP1 and G3BP1 ABC protein were successfully 

immunoprecipitated from stable U2OS cells, using a monoclonal anti-Flag antibody 

(Fig. 5.5, top panel). Analysis of RNA samples prior to amplification, using Northern 

blotting with rRNA-specific probes, showed that the input RNA was intact, and that 

much rRNA appeared to be missing from the cell lysate following 

immunoprecipitation (unbound RNA). Following the rigorous washing of beads used 
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in the U2OS immunoprecipitation, no detectable rRNA remained in the 

immunoprecipitate (RNA IP). It appeared that indirect and non-specific interactions 

were minimised by using stable U2OS cells and by increasing the number of washes. 

It was envisaged that RNA immunoprecipitated from the cell line stably transfected 

with the G3BP1 ABC construct would further control for indirect interactions, and 

facilitate the generation of clearer results.  

 

 
Figure 5.5 Immunoprecipitation of stably transfected Flag-tagged G3BP1 and G3BP1 ABC, and 
purification of bound RNA. Stable U2OS cells, including U2OS-FL (FLAG), U2OS-FL-G3BP1 ABC 
(G1ABC) and U2OS-FL-G3BP1 (G3BP1) were subjected to immunoprecipitation with a monoclonal 
anti-Flag antibody. Total protein (input protein), protein remaining in cell lysate following removal of 
protein A/G beads (unbound protein), and immunoprecipitated protein (protein IP) were subjected to 
Western analysis using a polyclonal anti-Flag antibody (top panel). RNA purified from the same 
extracts was analysed by Northern blot using rRNA-specific probes (bottom panel). 
 

5.3.6 Microarray experimental design 

 

The integrity of input RNA was confirmed using the Agilent 2100 Bioanalyser (data 

not shown). Input RNA was subjected to one round of amplification, while 

immunoprecipitated RNA required two rounds of amplification to obtain sufficient 

quantities of aRNA for microarray analysis. While RNA from the U2OS-FL-G3BP1 

ABC immunprecipitate was not successfully amplified, microgram quantities of both 
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the U2OS-FL (control) and U2OS-FL-G3BP1 input and immunoprecipitated RNA 

were generated for subsequent microarray analysis.  

 

Total RNA purified from U2OS-FL-G3BP1 cells was labelled with cy5 and used as 

reference material for each hybridisation. Three hybridisations against approx. 4µg of 

this reference material were carried out, using 2µg of: i) U2OS-FL-G3BP1 

immunoprecitate; ii) U2OS-FL immunoprecipitate and iii) U2OS-FL total RNA, as 

described in Section 5.2.8. Hybridised arrays were scanned and imported into 

software for analysis, as described in Section 5.2.9.  

 

The total U2OS-FL-G3BP1 RNA/U2OS-FL RNA hybridisation was normalised using 

the Lowess normalisation option, which is a global intensity dependent normalisation 

that works on the assumption that there is no global change in mRNA content or 

complexity between samples (GeneSpring 6.0). This method could obviously not be 

used for the hybridisations against immunoprecipitated material, so for these samples 

signal intensity ratios were calculated by dividing the test spot by the reference spot 

signal intensity. For each hybridisation, there was twice as much reference RNA as 

test RNA, and so the presence of higher than reference signals for transcripts in the 

immunoprecipitate would presumably suggest strong enrichment. 

 

5.3.7 Transcript enrichment in the G3BP1 immunoprecipitate  

 

Initial analysis of filtered microarray data suggested that many genes were present in 

both the control and G3BP1 immunoprecipitate, but there appeared to be a higher 

level of enrichment for transcripts in the G3BP1 immunoprecipitate. The control and 

G3BP1 immunoprecipitates were analysed together, and all filtration parameters were 

applied to at least one of the two samples, to ensure that strong signals in one sample 

were not excluded based on the absence of signal in the other. A total of 379 genes 

remained following filtration to remove flagged spots, spots of small size and spots 

with low signal intensity. The expression level for each gene was graphed on a colour 

spectrum (High: red, Low: blue) with reference to the control immunoprecipitate (Fig. 

5.6, Panel A) or the G3BP1 immunoprecipitate (Fig. 5.6, Panel B).  
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Figure 5.6 Data for the 379 genes on the human 19K compugen microarray chip that passed 
filtration for the control or G3BP1 immunoprecipitate. Total RNA purifed from U2OS-FL-G3BP1 
cells was used as reference material for two hybridisations: i) U2OS-FL immunoprecipitate (Control 
IP) and ii) U2OS-FL-G3BP1 immunoprecipitate (G3BP1 IP). Data was filtered and the intensity ratios 
for each mRNA, as compared with reference material, were plotted in log scale. Each coloured line 
represents the signal intensity ratio of one gene in both the control and G3BP IP. A) Expression levels 
were graphed on a colour spectrum (High: red. Low: blue) with reference to signal intensity ratio in the 
control IP. B) Expression levels were graphed on a colour spectrum (High: red. Low: blue) with 
reference to the signal intensity ratios in the G3BP1 IP.  
 

 
Figure 5.7 Data for the genes on the human 19K compugen microarray chip that passed stringent 
filtration for transcript enrichment. Total RNA purifed from U2OS-FL-G3BP1 cells was used as 
reference material for two hybridisations: i) U2OS-FL immunoprecipitate (Control IP) and ii) U2OS-
FL-G3BP1 immunoprecipitate (G3BP1 IP). Data was filtered and the intensity ratios for each mRNA, 
as compared with reference material, were plotted in log scale. Each coloured line represents the signal 
intensity ratio of one gene in both the control and G3BP IP. Expression levels were graphed on a colour 
spectrum (High: red. Low: blue) with reference to signal intensity ratio in the G3BP1 IP. A) 45 genes 
were enriched above two-fold in the G3BP1 IP, and under-represented in the control IP. B) A single 
gene was enriched above two-fold in the control IP, and under-represented in the G3BP1 IP.  
 

Many genes were present at equivalent levels of enrichment in both samples, as 

indicated by horizontal lines, and some genes were even enriched in the control 

immunoprecipitate. This suggested that the technique gives rise to a high level of 
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background noise. Nevertheless, the graph in Fig. 5.6, Panel B indicates an overall 

trend towards gene enrichment in the G3BP1 immunoprecipitate, with parallel under-

representation in the control immunoprecipitate.  

 

To obtain a stringently filtered list of potential G3BP1 RNA ligands, an arbitrary 

figure of two-fold enrichment was chosen for further filtration. A total of 45 genes 

were enriched at least two-fold in the G3BP1 immunoprecipitate and under-

represented (less than one-fold) in the control immunoprecipitate (Fig. 5.7, Panel A). 

In contrast, only one gene was enriched at least two-fold in the control 

immunoprecipitate, and under-represented in the G3BP1 immunoprecipitate (less than 

one-fold) (Fig. 5.7, Panel B).  

 

RNA obtained from a cell-line stably expressing G3BP1 (U2OS-FL-G3BP1) was 

used as reference material for both hybridisations, even though the 

immunoprecipitated control material came from a different cell line (U2OS-FL). It 

was thus important to examine the differences between total U2OS-FL RNA and total 

U2OS-G3BP1-FL RNA, to ensure that transcripts were not simply enriched in the 

G3BP1 immunoprecipitate because they were enriched in the U2OS-FL-G3BP1 

RNA. 

 
Figure 5.8 Position mapping of the 45 genes enriched in the G3BP1 immunoprecipitate on the 
U2OS-FL vs U2OS-FL-G3BP1 hybridisation. A) Total RNA from U2OS-FL cells was hybridised 
against total RNA from U2OS-FL-G3BP1 cells (reference). Data for all 19318 genes on the human 
compugen slide were graphed as a scatter plot. B) The position of the 45 genes enriched in the G3BP1 
immunoprecipitate, within the scatter plot in Panel A. 
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It was found that the presence of genes enriched in G3BP1 immunoprecipitate did not 

simply occur as a result of enrichment in the U2OS-FL-G3BP1 cell line. The data 

obtained from the third hybridisation (U2OS-FL total RNA vs U2OS-FL-G3BP1) 

were graphed as a scatter plot (Fig. 5.8, Panel A). Each of the genes enriched in the 

G3BP1 immunoprecipitate were mapped to their respective positions on this graph 

(Fig. 5.8, Panel B). There appeared to be no tendency for genes enriched in the 

G3BP1 immunoprecipitate to be enriched in the total U2OS-FL-G3BP1 RNA. 

Instead, the genes enriched in the G3BP1 immunoprecipitate were scattered 

throughout the central region of the plot. 

 

Further inspection of the data, including observation of the original alignment on the 

grid, showed that three putative targets, cdk7, cdk9 and IGF-II were flagged as empty 

spots on the G3BP1 immunoprecipitate hybridisation, due to high levels of 

background noise. For this reason, it was not possible to validate the technique via the 

presence of previously identified targets. Surprisingly, the one gene that passed all 

filtration steps for the control immunoprecipitate was IGF-II, a putative G3BP1 RNA 

ligand. Moreover, 3 blank spots and one calibration spot passed all filtration steps for 

enrichment in the G3BP1 immunoprecipitate. These results highlight the noisiness of 

the procedure. The 41 genes enriched in the G3BP1 immunoprecipitate are listed in 

Table 5.1. This list may contain some valid ligands, but it cannot yet be considered a 

reliable list. Nevertheless, the presence of 41 genes strongly enriched in the G3BP1 

immunoprecipitate, as compared to only one in the control immunoprecipitate, 

suggests that several biological replicates may enable generation of a valid target list. 
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Table 5.1 Common name, Genbank accession # and fold enrichment of genes enriched at least 2-
fold in the G3BP1 immunoprecipitate, and under-represented in the control immunoprecipitate. 
COMMON NAME GENBANK FOLD ENRICHMENT 
GABRA3 NM_000808 44.752796 
DRPLA NM_001940 33.094566 
COL3A1 AK021531 8.0325 
UBL3 NM_007106 5.0228014 
TCL1 X82240 4.6948724 
LNPEP AK023633 3.3253796 
STAC NM_003149 3.228889 
OBFC1; FLJ22559; bA541N10.2 AK026212 3.19863 
NFKBIE NM_004556 3.120229 
MGC33302 AF087984 3.060362 
ZDHHC9 NM_016032 3.003992 
TRUB1 AK026721 2.9767854 
BMP4 NM_001202 2.8934112 
 AK026867 2.8152175 
KIAA1443 AB037864 2.7668846 
SLC35F5; FLJ22004 AK025657 2.720177 
TIMM44 NM_006351 2.564767 
HIBADH AL080180 2.5179703 
 NM_017959 2.5084112 
WDR32; FLJ23201; MGC10765 AK026854 2.4963925 
C13orf21 AK026218 2.485887 
KIAA1131 AB032957 2.4549937 
THADA AK024928 2.4277344 
PRKCE AK025152 2.4019048 
TFDP2 NM_006286 2.331202 
FLJ20130 NM_017681 2.3152175 
 NM_018575 2.3098106 
IMPG1 NM_001563 2.2946668 
GPR22 NM_005295 2.2925045 
DKFZp434G173 AL080133 2.258165 
PPP1R12B AF086036 2.25 
C10orf45 AK024648 2.245863 
 AK025042 2.1944444 
MTSS1 U82321 2.1403198 
FDX1 NM_004109 2.1232324 
GCP-2 Y08770 2.1213768 
ZNF614; FLJ21941 AK023547 2.12 
CXorf23 AL079296 2.1039157 
RNF2 NM_007212 2.0903614 
CYBRD1; DCYTB; FLJ23462 AK027115 2.0858505 
KIAA0676 AB014576 2.0513291 
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5.4 Discussion 

 

This is the first report of the purification and global identification of potential G3BP1 

ligands. It was shown that stable cell lines can be used to isolate epitope-tagged G3BP 

in association with RNA, and that co-purified RNA species can be subsequently 

identified by microarray. Further analyses based on this pilot study may provide an 

extensive list of novel RNA targets, which will direct future G3BP1 research and also 

form the basis for identification of G3BP2 RNA ligands. In addition, the successful 

use of stable cell lines will eliminate the need for production and optimisation of 

specific antibodies, and thereby clears an obstacle to large-scale projects which seek 

to identify the RNA targets of various RNA binding proteins. 

 

Immunoprecipitation may be used to identify novel G3BP RNA ligands by 

microarray. In this study, 41 genes were enriched in the G3BP1 immunoprecipitate, 

and under-represented in the control immunprecipitate. At the same time, only one 

gene was strongly enriched in the control immunoprecipitate. Consistent with 

previous findings (Tenenbaum et al., 2002), these results suggest that transcript 

enrichment, rather than the mere presence of transcripts, may form the basis for 

generation of a reliable target list. The high level of noise in this type of experiment 

may be compounded by the possibility that many transcripts are pulled down at 

random from one immunoprecipitation to another. On the other hand, the strong 

enrichment of genes in the G3BP1 immunoprecipitate compared to the control 

immunoprecipitate suggests that several biological replicates will enable generation of 

a valid list of novel RNA ligands for G3BP1. These targets can then be confirmed by 

quantitative RT-PCR before further analyses are undertaken.  

 

 Stable cell lines harbouring epitope-tagged proteins may be useful for ribonomic 

analyses. In this study, stable cell lines expressing Flag-tagged G3BPs were 

successfully used to immunoprecipitate the protein with RNA. The use of epitope-

tagged proteins is useful in studies to identify binding partners, because it alleviates 

the need for different antibodies for each protein of interest, and can also enable easier 

antibody access (Tenenbaum et al., 2002). Transient expression of both G3BP1 and 

G3BP2 was shown in Chapter 4 to induce SG formation, thereby mimicking G3BP 

behaviour during stress. On the other hand, stable over-expression of the proteins in 
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U2OS cells produced localisation patterns consistent with the normal proliferating 

cell state, showing that the stably over-expressed proteins more closely mimic 

endogenous behaviour. Given that stress and other extra-cellular stimuli alter mRNP 

complex formation, and examination of such altered states is one of the aims of 

ribonomic studies, it was important to utilise a system in which epitope-tagged 

proteins behave as the endogenous protein would, under normal culture conditions. 

Therefore, stable cell lines were used for microarray analyses. Importantly, the 

successful use of epitope-tagged protein means that stable cell lines may be utilised in 

the future to identify the RNA ligands of various proteins, without the need for 

production and optimisation of specific antibodies. 

 

Immunopreciptiaton can form the basis of G3BP-focussed ribonomic analyses. The 

successful purification and identification of RNA in G3BP immunoprecipitates, as 

reported here, will facilitate analysis of the mechanisms of post-transcriptional 

regulation. In such studies, isolation of direct RNA ligands for G3BP will not be 

important. Instead, the focus will be on the signal-induced alterations in the transcript-

pool pulled down as part of G3BP-containing mRNP complexes. As such, it will be 

possible to assess G3BP’s specific roles in post-transcriptional regulation, and also 

obtain information about the generalised post-transcriptional mechanisms that may 

allow for co-ordinated gene expression in higher eukaryotes. 

 

The assumption of ribonomics is that spatial and temporal control of gene expression, 

mediated by the discrete localisation of mRNAs in embryos and neurons, may also be 

of significance in generalised cells (Tenenbaum et al., 2002). It is further suggested 

that mRNP complexes enable co-ordinated gene expression of functionally related 

RNAs in higher eukaryotes, in much the same way that polycistronic mRNAs 

(operons) operate at the transcriptional level in lower organisms (Keene and 

Tenenbaum, 2002). It is proposed that different mRNP complexes form in response to 

specific signals, and that these complexes contain functionally related transcripts, 

which are regulated by the presence of different RNA binding proteins (Keene and 

Tenenbaum, 2002). Identification of alterations in the transcript-pool that co-purifies 

with G3BP, in response to different extra-cellular stimuli, will facilitate such 

ribonomic analyses.  
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Armed with transcript lists obtained form mRNP isolates, deregulation of G3BP1 (by 

knockdown, over-expression, mutation) will enable analysis of whole cell outcomes, 

as well as alterations in the expression profile of specific genes. G3BP1 KO was 

recently shown to induce quantitative changes in the transcriptome (Zekri et al., 

2005), suggesting G3BP plays roles in transcription or RNA stability. On the other 

hand, knockdown of RNA binding proteins which function to regulate translation, 

such as FMRP (Brown et al., 2001) and TIA-1 (Lopez de Silanes et al., 2005), does 

not significantly alter the transcriptome. Instead, FMRP knockdown causes a 

polysomal shift in transcript distribution (Brown et al., 2001). Given that G3BP has 

been implicated in the regulation of gene expression at various levels of control, it 

will be of value to use similar techniques to assess G3BP roles in translation.  

 

Direct ligand identification will facilitate study of G3BP’s mechanism of action. To 

gain insight into the precise mechanism of G3BP action, direct ligand identification is 

vital. Preliminary immunoprecipitation trials suggested that G3BP1 weakly interacts 

with various RNAs, and that this interaction does not require the RGG and RRM 

RNA binding domains. The pull-downs appeared to be specific, because no reporter 

mRNA immunoprecipitated with a non-RNA binding protein. This suggested that 

G3BP may interact with general RNA binding factors via its N-terminal domain, and 

thereby pull down many RNAs that it does not directly interact with. Such 

interactions are likely to be of functional consequence, but may hamper attempts to 

identify specific G3BP ligands.  

 

An attempt was made in this study to utilise G3BP1 ABC, which does not contain the 

RNA binding domain, to control for indirect RNA interactions. Although the mutant 

protein was successfully immunoprecipitated from the stable cell line, U2OS-FL-

G3BP1 ABC, the co-purified RNA was unable to be amplified. The control 

immunoprecipitation, which presumably pulled down no specific protein (because the 

cell line contained only the empty pCMV4-Flag vector), did contain RNA that was 

readily amplified. This would suggest that RNA may yet be successfully amplified 

form G3BP1 ABC immunoprecipitates, and that this RNA may enable more stringent 

data filtration to obtain a reliable and specific target list. 
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A highly specific target list will provide information about the sequence elements that 

G3BPs bind, which in turn, will provide vital clues about each protein’s mechanism 

of action. RNA selection was previously used to show that FMRP, a protein which 

represses translation in polysome-associated mRNPs in neurons (Mazroui et al., 

2002), binds a particular RNA structural motif termed the G-quartet (Darnell et al., 

2001). This binding was solely mediated via the RGG domain, and did not require the 

KH RNA binding domain (Darnell et al., 2001). In a recent follow-up RNA selection 

study, a random probe length of 52nt was required to purify target clones using the 

KH domain as bait (Darnell et al., 2005). This analysis showed that the KH domain 

mediates binding to a different structural motif, termed the kissing complex, and 

binding through this element mediates FMRP polysomal localisation (Darnell et al., 

2005). It was pointed out that kissing complex formation between target mRNA and 

miRNAs can induce translational repression (Argaman and Altuvia, 2000). FMRP has 

been purified as part of a RISC-like complex (Caudy et al., 2002), and also promotes 

nucleic acid binding in vitro (Gabus et al., 2004), and so it was hypothesised that 

FMRP may inhibit translation by binding and stabilising miRNA-mRNA kissing 

complexes (Darnell et al., 2005).  

 

Although RNA selection has previously been used to generate a putative G3BP RNA 

binding sequence, the RNA probe library consisted of very short (12nt) sequences 

(Tourriere et al., 2001), which may have restricted results. G3BP contains both an 

RGG and an RRM, but RNA selection trials have only been carried out using full-

length protein (Tourriere et al., 2001). It was confirmed that a mutant G3BP lacking 

both the RGG and RRM did not bind a synthetic substrate (Tourriere et al., 2001), but 

it is not known if both elements are required for binding to the putative target 

sequence, or whether further G3BP targets were excluded because the random probes 

were so short. It is possible that like FMRP, the G3BP RGG domain is sufficient for 

binding to certain targets, but that the RRM facilitates binding to different target 

sequences, which may or may not be present in the same transcript. Furthermore, it is 

conceivable that G3BP interacts with secondary RNA structures, and could also play 

a role in miRNA-mediated RNA destabilisation or translation inhibition.  

 

G3BP was shown in this thesis, and elsewhere, to regulate the expression of several 

genes (Lypowy et al., 2005; Zekri et al., 2005), and to co-localise with various RNA 
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binding proteins (including FMRP) in active-translating mRNPs (Angenstein et al., 

2002; Atlas et al., 2004) and SGs (Kedersha et al., 2005; Tourriere et al., 2003). 

Moreover, G3BP acts to unwind nucleic acid duplexes in vitro (Costa et al., 1999), in 

contrast to FMRP, which promotes nucleic acid annealing (Darnell et al., 2001). It is 

possible that G3BP acts in co-ordination with proteins like FMRP to regulate gene 

expression, via interactions with non-coding RNAs. The use of non-coding 

microarrays to identify G3BP RNA ligands will provide clues as to the validity of this 

hypothesis, and may also open up new and unanticipated avenues of research.  

 

Summary. This chapter reports the establishment of a technique to enable the global 

identification of G3BP1 ligands using microarray. RNA was successfully purified 

from G3BP1 immunoprecipitates and analysed by microarray. Various RNA 

transcripts were enriched in the immunoprecipitate, above control levels, suggesting 

that the technique may pull out specific targets. In the future, RNA 

immunoprecipitation may be used to identify changes in the RNA composition of 

G3BP-mRNPs following various cell treatments. Subsequently, the molecular and 

cellular consequences of G3BP activity may be elucidated by analysing G3BP target 

gene transcription, mRNA stability, translation and localisation, in different cellular 

contexts. Confirmation of direct RNA ligand interactions will facilitate the 

identification of sequence elements to which G3BP binds, and this will finally enable 

dissection of the specific mechanisms of action of this multi-faceted group of 

proteins. 
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CHAPTER 6 

 

General Discussion 
 

The intersection of RNA metabolism with signal transduction facilitates the rapid 

post-transcriptional responses required to maintain cellular homeostasis, in an 

environment in which there are constant changes in both external and internal signals. 

Some RNA binding proteins appear to be multi-functional, participating in gene 

regulation at various levels. Moreover, these proteins may play opposing roles in 

RNA metabolism, depending on the specific cellular context. It is beginning to 

emerge that the various activities of these proteins are tightly regulated in order to 

allow precise and timely responses to extra-cellular signals, and to facilitate the 

integrated control of gene expression. The studies carried out to complete this project 

served to clarify the contradictions that had arisen in the literature regarding the 

localisation and function of a particular family of RNA binding proteins, G3BPs.  

 

An overall theme that emerged in the initial phases of this project was that the 

expression of G3BP proteins positively correlates with cell proliferation and that each 

protein may promote target gene expression. It was also shown that both G3BP family 

members are subject to phosphorylation, and that G3BP2 at least, is a very stable 

protein. This suggested that G3BP protein expression may not necessarily equate with 

G3BP activity; instead, these proteins may be poised to respond rapidly to specific 

extra-cellular stimuli. Cellular homeostasis is maintained in a rapidly fluctuating 

environment by post-transcriptional and post-translational regulation of gene 

expression. G3BP proteins are themselves regulated at the post-translational level, 

and these modifications likely mediate post-transcriptional changes that allow for 

rapid responses to environmental cues. Such a role for G3BPs was confirmed with the 

discovery that these proteins are necessary for an optimal post-transcriptional 

response to stressful stimuli. G3BP1, in particular, was shown to play an important 

role in the post-transcriptional regulation of stress adaptation. In order to more closely 

examine G3BP mechanisms in the future, specific RNA ligands must be identified, 

and a pilot study addressing this issue was undertaken in the final phase of this 

project.  
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Characterisation. Both G3BP1 and G3BP2 were strongly over-expressed in the 

majority of breast tumours examined. Over-expression of G3BP proteins did not 

relate to cancer grade or stage, and taken together with the fact that at least one 

isoform of both proteins was expressed in all cell lines, it would appear that G3BP 

expression may be switched on early in the process of tumorigenesis, concomitant 

with increased cellular proliferation. G3BP2 expression in breast cancers was more 

striking than that of G3BP1 in two ways: 1) it was not expressed in adjacent normal 

tissue; and 2) it exhibited strong nuclear localisation in about half of the cases 

examined. The results suggest that G3BP2, in particular, may be a useful marker for 

the detection of early-stage breast tumours. Analysis of G3BP expression in cell lines 

indicated isoform-specific localisation and expression patterns; therefore, it will be 

important in further analysis of G3BP2 as a tumour antigen, to identify the precise 

isoforms expressed in breast cancer tissue.  

 

G3BP1 and G3BP2 exhibited unique localisation patterns, which varied depending on 

cell and tissue type. G3BP2 nuclear localisation was confirmed to be cell cycle 

regulated in NIH3T3 cells, but the same could not be shown in human cell lines. The 

specificity of the antibody used to detect G3BP2 expression in breast cancer was 

confirmed by epitope mapping, and it detected two bands of the expected molecular 

weight in NIH3T3 cells. However, this antibody detected a third isoform or 

degradation product in human cell lines. This isoform was not successfully identified 

by analysis of G3BP2 mRNA expression, but it was shown that G3BP2a expression 

in human cell lines is far lower than that of G3BP2b. The low expression of G3BP2a 

in human cell lines suggests that it is not necessary for cell proliferation, but G3BP1 

and at least one isoform of G3BP2 were expressed highly in all cell lines and in breast 

cancer. It is not clear why G3BP2a would be expressed in NIH3T3 cells, but not in 

any human cell line tested. The splice event which creates G3BP2b leads to addition 

of an extra proline-rich motif. Therefore, isoform-specific expression of G3BP2 may 

regulate interactions with specific upstream SH3 signalling proteins, allowing for fine 

control over cellular outcomes. Identification of new protein binding partners will 

facilitate further analysis of the precise pathways by which each of these proteins is 

regulated. 
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It would appear that there is a maximum level of expression, for each G3BP family 

member, that is compatible with cell survival. Despite the general correlation between 

G3BP expression and cell proliferation, previous attempts to create cell lines stably 

over-expressing G3BPs suggested that activation of mechanisms which induce G3BP 

degradation imparts a selective advantage on cells (Irvine et al., 2004). Consistent 

with this, two separate attempts to create cell lines stably over-expressing G3BP 

proteins were met with limited success during the course of this project. Despite 

screening approximately 20 antibiotic-resistant clones for each G3BP isoform, 

G3BP2a was the only isoform that was successfully integrated and expressed using an 

inducible expression system in ER293 cells. Stable integration and over-expression of 

G3BP1, G3BP2a and G3BP2b was achieved in U2OS cells, but once again, despite 

screening approximately 20 antibiotic-resistance clones, only one clone for each 

G3BP isoform expressed the protein. This result did not arise as a consequence of 

factors relating to the cell or vector system, because multiple clones which stably 

over-expressed the G3BP1 mutant, which lacks the RNA binding domain, were 

generated in parallel. In Drosophila, both the loss and gain of function of G3BP 

produce similar defects in eye development (Pazman et al., 2000), adding support to 

the notion that expression levels of G3BP must remain below a certain threshold, in 

various contexts, in order to allow for optimal cellular outcomes. As discussed further 

below, it is possible that G3BP acts as a balance point between cell death and 

survival, and as such, its expression levels must remain below a threshold level to 

prevent the activation of cell death pathways.  

 

Regulation of gene expression. Another paradox of G3BP behaviour was addressed 

during the course of this project. Despite a correlation between G3BP over-

expression, cell proliferation and cancer, G3BP had been reported to degrade c-myc 

RNA in vitro, in a phosphorylation-dependent manner (Gallouzi et al., 1998; 

Tourriere et al., 2001). Reporter expression in the presence of wt G3BP, as well as 

truncation and site-specific phosphorylation mutants, was measured in order to assess 

the in vivo consequences of G3BP’s in vitro endoribonuclease activity. It was clear 

that G3BP over-expression did not cause down-regulation or cleavage of a reporter 

bearing the human c-myc 3′UTR. Sequence analysis subsequently showed that neither 

the mouse nor the human c-myc 3′UTR contain the putative binding element that was 
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present within the synthetic substrate from which the in vitro data had been obtained. 

It was also shown that G3BP has no specific binding preference for reporter mRNA 

bearing the human c-myc 3′UTR. Finally, it was not possible to show a G3BP-

induced down-regulation of a reporter bearing the G3BP consensus binding sequence.  

 

From these studies, it unexpectedly emerged that G3BP proteins have a tendency to 

induce an increase reporter gene expression at both the mRNA and protein level, 

irrespective of the presence of any particular promoter, coding sequence or cis 

element. The behaviour of various control proteins in these assays suggested that the 

ability to induce changes in non-specific reporter gene expression may be indicative 

of target-specific function. As such, G3BP’s ability to increase reporter gene 

expression suggests that it may have a positive effect upon specific target gene 

expression. The results reported in Chapter 3 also showed that the G3BP-induced 

increase in reporter gene expression preceded any increase in cell number, thereby 

suggesting a mechanism by which G3BP may facilitate an increase in cell 

proliferation. These results also indicate that any in vivo G3BP endoribonuclease 

activity is either context-specific, or mediates a process other than mRNA decay. 

Further analysis of G3BP endoribonuclease activity will be facilitated by the 

confirmation of specific mRNA targets and the discovery of cellular contexts in 

which G3BP regulates mRNA expression. 

 

Stress adapation. The finding that G3BPs promote reporter gene expression is 

consistent with evidence that G3BP1 may promote the expression of some of its target 

genes (Zekri et al., 2005), and may also have indirect positive effects on global gene 

expression (Lypowy et al., 2005). However, it had previously been shown that G3BP1 

over-expression also nucleates SGs (Tourriere et al., 2003), which are translationally-

stalled sites of mRNA processing. It was confirmed that G3BP1 over-expression 

concomitantly increased reporter gene expression and induced SG formation. While 

this result initially appeared paradoxical, it provided the necessary context in which to 

examine G3BP roles in post-transcriptional regulation of gene expression. The results 

presented in Chapter 4 highlight the dynamic nature of the SG, and the fact that 

various mRNA fates may be decided at this mRNA sorting station. All three G3BP 

proteins were able to nucleate SGs and were present in SGs induced by a variety of 
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treatments. Taken together with their observed exclusion from P-bodies, which are 

sites of mRNA decay, these results suggest that G3BPs may be core SG constituents, 

which function in transcript stabilisation, selective translation or translation re-

initation during stress. 

 

Further studies clearly implicated G3BP1 in stress adaptation, and showed that 

specific G3BP1 knockdown led to both SG inhibition and reduced survival capacity 

in the face of stress. This is the first report to implicate SG formation itself in cell 

survival, downstream of eIF2α phosphorylation. It was subsequently shown that SGs 

will form in cells with vastly reduced levels of G3BP1, but it appeared that residual 

G3BP1 is almost always recruited to these SGs. Preliminary observations suggested 

that G3BP1 expression may be upregulated during acute arsenite exposure. It will 

thus be important to assess the regulation of G3BP1 expression by stress-inducing 

agents in the future, and whether this protein may be subject to selective translation. 

The G3BP1 ABC mutant, which does not contain the RNA binding protein, acts as a 

dominant negative, inhibiting SG formation following arsenite exposure (Tourriere et 

al., 2003). U2OS cell lines expressing this mutant were generated during the course of 

this project. The localisation of this protein in untreated and treated cells was 

consistent with the literature (data not shown), and several clones were generated. 

Therefore, these cell lines may also play a valuable role in further analysis of G3BP1 

and SG formation in cell survival. Finally, analysis of G3BP1 KO cells will show 

with certainty whether the protein is required for SG formation.  

 

It is quite possible that G3BP1 is necessary for optimal SG functionality, rather than 

SG formation per se.  It will be of value to analyse cell recovery and long-term 

survival following a range of different stress treatments, in the presence of 

deregulated G3BP1 (over-expression, knockdown, mutation), and how this relates to 

SG formation and composition. Cell survival may be assessed through use of various 

assays, such as Annexin-V/PI immunofluorescent staining, which can distinguish 

between necrosis and apoptosis. It will also be important to analyse how G3BP 

deregulation affects specific mRNA triage at the SG, but this will require the 

identification of specific mRNA ligands (see below). The G3BP proteins clearly play 

a pivotal role in SG formation, and G3BP1 in particular, appears to be required for 
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optimal stress adaptation. Therefore, G3BP proteins are implicated in the post-

transcriptional mechanisms that facilitate cell survival during stress.  

 

The localisation of G3BP to SGs and the role of G3BP as a Ras effector may be 

related. It was previously observed that activation of HERs in MCF7 cells leads to 

formation of large cytoplasmic granules containing G3BP1 and RasGAP (Barnes et 

al., 2002). SGs have never been reported to form in response to growth factor signals, 

but the presence of activated Ras has been shown to promote SG formation in 

response to arsenite (Tourriere et al., 2003). It would be of great interest to determine 

if RasGAP can localise to SGs in response to various treatments, because RasGAP 

plays a pivotal role in the co-ordination of cell death and survival pathways. Upon 

mild caspase activation, the GTPase domain of RasGAP is removed by caspase 

cleavage, and the resultant N-terminal peptide, n-GAP, promotes cell survival. One of 

the mechanisms by which it achieves this is through activation of various proteins, 

which stimulate an increase in global transcription and translation, facilitating cell 

growth and survival. Only when caspase activity is further increased, by persistent or 

strong presence of the death signal, is n-GAP further degraded, enabling cell death to 

ensue (Yang et al., 2004a; Yang et al., 2004b). RasGAP may mediate downstream 

effects which act as an important balance point between transcription/translation 

inhibition and activation during stress. Consistent with this, RasGAP knockdown cells 

are viable, but more vulnerable to apoptotic signals (Lypowy et al., 2005). In addition, 

inhibiton of RasGAP SH3 transduction induces apoptosis in cancer cells, but not 

normal cells (LeBlanc et al., 1999). Therefore, it is possible that the stressful environs 

of the tumour make it more vulnerable to knockdown of proteins involved in 

adaptation. 

 

The similar phenotype of G3BP knockdown cells, as reported in this thesis, along 

with its previously noted interaction with RasGAP, would suggest that G3BP may be 

an important effector of RasGAP-mediated regulation of gene expression. RasGAP 

binding was recently shown to be involved in bringing G3BP into proximity of its 

RNA targets, and this was hypothesised to be one of the mechanisms by which it 

promotes global transcription (Lypowy et al., 2005). Recent evidence shows that 

RasGAP promotes the phosphorylation and activation of Akt, which stimulates an 

increase in global translation (Yang et al., 2005). It is thus possible that RasGAP also 
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facilitates G3BP phosphorylation. This is plausible, because RasGAP-/- cells harbour 

phosphorylation deficient forms of G3BP (Tourriere et al., 2001). When it is 

considered that G3BP activities are phosphorylation-dependent, the co-regulation of 

RNA binding and phosphorylation is a reasonable hypothesis. 

 

This leads to the obvious question of the identity of G3BP kinases. Ser 149 has been 

shown in several studies to regulate G3BP activity, and this site is a consensus Casein 

kinase II (CK2) phosphorylation site. Despite previous reports of its requirement for 

in vitro endoribonuclease activity, it was shown in this report that phosphorylation at 

Ser 149 does not induce mRNA decay in vivo. Furthermore, in contrast to previous 

reports, phosphorylation at Ser 149 did not have an inhibitory effect on spontaneous 

SG formation. Nevertheless, phosphorylation of endogenous G3BP1 at Ser 149 is 

reported to be reduced in proliferating cells, in RasGAP-/- cells and in cells treated 

with sodium arsenite (Tourriere et al., 2001; Tourriere et al., 2003). CK2 is over-

expressed in a large percentage of tumours and is required for cell viability. This 

protein is a highly pleitropic kinase, and in contrast to most other kinases, is 

constitutively active (Meggio and Pinna, 2003; Olsten and Litchfield, 2004). This 

would suggest that phosphorylation of G3BP1 at Ser 149 may be constitutive, with 

dephosphorylation, rather than phosphorylation, being the specific activating force. It 

is also possible that alterations in phosphorylation at Ser 149 may influence but not 

dictate many of G3BP’s functions. For example, phosphorylation at Ser 149 may be 

sufficient for activity in vitro, but other modifications either prevent this activity, or 

conversely, are required for this activity, in the in vivo context. Consistent with this, 

Tourriere and co-authors (2001) showed that G3BP was phosphorylated at Ser 232 in 

both RasGAP positive and negative cells, and phosphotryptic mapping suggested the 

existence of yet another unidentified G3BP phosphorylation site regulated by 

RasGAP. It is thus likely that other phosphorylation events are responsible for the 

various activities of G3BPs in different contexts. For example, evidence provided in 

this thesis and elsewhere (Angenstein et al., 2002) would suggest that PKC is a 

candidate G3BP kinase. It is clear that identification of further site-specific 

phosphorylation of G3BP, as well as the kinases responsible, will provide much 

information about G3BP functions, and how they are altered through activation of 

various upstream pathways. 
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Examination of whether RasGAP can be induced to localise to SGs, how this affects 

G3BP phosphorylation, and what kinases may be responsible for this 

phosphorylation, will provide novel information regarding the pathways that link cell 

death and survival. It would also be most interesting to further investigate the role of 

G3BP in SG formation in response to growth factor signals as well as toxins, and how 

this might affect cell survival and tumorigenesis. It has been shown that n-GAP 

promotes cell survival in response to apoptotic signals (Yang et al., 2004a; Yang et 

al., 2004b). To determine the importance of G3BP as a downstream effector of 

RasGAP, it would be important to assess whether G3BP knockdown inhibits n-GAP-

mediated pro-survival activities. Phosphotryptic mapping of G3BP in RasGAP 

positive and negative cells, subjected to various stress (and growth factor) treatments, 

will enable identification of all the RasGAP-mediated alterations in G3BP 

phosphorylation that may be important for cell survival. It will then be possible to 

examine whether cells stably over-expressing G3BP phosphomimetic mutants, which 

harbour all the appropriate phosphorylated and non-phosphorylatable sites, have 

heightened stress resistance. Such cells may also exhibit resistance to the effects of 

RasGAP knockdown. Finally, it will be possible to directly relate all these events to 

the transcription, stability and translation of previously suggested G3BP mRNA 

targets, such as cdk7 and cdk9, as well as newly identified targets (see below). 

 

It is hypothesised that SGs are dynamic mRNA sorting stations that form in response 

to stresses such as environmental toxins, but may also form as a result of fluctuations 

in metabolism and growth signals. The formation of transient SGs of variable 

composition could conceivably allow the cell to assess conflicting environmental cues 

and re-organise the gene expression program appropriately. RasGAP (Henkemeyer et 

al., 1995) or G3BP KO (Zekri et al., 2005) each cause embryonic lethality in mice, 

while cell lines subjected to either RasGAP knockdown (Lypowy et al., 2005) or 

G3BP1 knockdown (as reported in this thesis) are viable, but more vulnerable to 

apoptotic signals. It is possible that G3BP is required for appropriate cell survival and 

cell death during various cellular processes, acting as a balance point between the two 

outcomes. Transient over-expression of G3BP in cell lines induces SG formation, but 

as reported in this thesis, this must be overcome in order to allow for stable over-

expression of the protein. Appropriate mRNA organisation at the SG, as mediated by 

proteins like G3BP1, may be required for the appropriate post-transcriptional gene 
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regulation and selective gene expression which facilitates cell survival. However, SGs 

must eventually disperse to prevent ongoing translation inhibition and cell death. It 

would appear that G3BP plays a pivotal role in this process, as it is regulated by 

RasGAP, recruited to the SG, and also promotes cell survival during stress. Various 

signalling pathways affect this co-ordination of cell death and survival, and when 

these pathways are deregulated, disease may result (Fig. 6.1). 

 

 
Figure 6.1 Schematic representation of the pivotal role of G3BP in stress adaptation. Stressful 
stimuli induce eIF2α phosphorylation and SG formation. SG formation itself is vital for appropriate 
stress adaptation downstream of eIF2α phosphorylation. G3BP proteins facilitate SG formation and 
also act downstream of RasGAP (and other pathways). RasGAP (n-GAP-GTPase) is cleaved into n-
GAP by mild caspase activation and this promotes cell survival. Increased caspase activity leads to 
further cleavage of n-GAP, and apoptosis ensues. RasGAP and other upstream factors may affect 
G3BP phosphorylation and activity, allowing the protein to respond in different ways to specific 
signals, thereby affecting gene expression in various ways. This facilitates a stress response (recovery, 
adaptation, death) appropriate to the specific stimuli. Deregulation of these pathways may be 
detrimental to cellular homeostasis and result in cancer or other disease. 
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RNA ligands. It is clear that identification of RNA ligands will be required in order to 

further examine G3BP’s specific mechanisms of action. A pilot study using G3BP 

immunoprecipitation and microarray identification of co-purified RNA was 

performed and reported in Chapter 5. This was the first report of the purification and 

global identification of potential G3BP1 RNA ligands, which also incorporated the 

use of cell lines stably over-expressing epitope-tagged G3BP1. This is important for 

the future identification of G3BP2a and G3BP2b ligands, because attempts to raise 

isoform-specific antibodies have thus far been unsuccessful. The technique was 

shown to be inherently noisy, but the enrichment of many more transcripts in the 

G3BP1 immunoprecipitate, as compared to the control, suggests that several technical 

and biological replicates will allow the identification of novel G3BP1 and G3BP2 

ligands.   

 

The identification of transcripts which interact with G3BP following particular 

treatments will enable both the generation of hypotheses with regards to G3BP 

function, as well as the development of specific research strategies. For example, if 

following arsenite treatment, G3BP is found to interact with a range of housekeeping 

genes, it may be hypothesised that its primary role during stress is to protect its targets 

from degradation and/or promote the appropriate re-initiation of translation upon 

stress removal. On the other hand, G3BP may facilitate selective translation, in which 

case, its RNA ligands may be stress-inducible transcripts, such as HIF-1 or ATF4.  

 

Whatever the specific G3BP target transcript identities, it will be possible to monitor 

their localisation and expression during and after stress treatments, and determine 

how this is affected in the presence of deregulated G3BP (knockdown, over-

expression, mutation). Specific in situ hybridisation will allow identification of 

transcripts which are shunted to the SG during stress. Northern blot or Q-PCR 

detection of specific transcript levels, following inhibition of transcription, will enable 

analysis of mRNA stability. Detection of the polysomal localisation of transcripts, as 

well as measurement of new protein synthesis by pulse-chase incorporation of 

radioactive amino acids, will allow investigation of the effects of deregulated G3BP 

on translation. Such studies will reveal some of the specific roles of G3BP in RNA 

metabolism and also show how the determination of mRNA fate at the SG may 

facilitate an appropriate stress response. 
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It is likely that G3BP proteins play various and even opposing roles in RNA 

metabolism, depending on the specific target and the cellular context. This would be 

consistent with the activity of other RNA binding proteins, such as hnRNPD, which 

has been reported to either promote or reduce mRNA instability, depending on the 

specific cell type and stimulus (Loflin et al., 1999; Xu et al., 2001), and HuR, which 

can promote transcript stability or inhibit translation, depending on the specific target 

gene (Meng et al., 2005; Peng, 1998). The identification and confirmation of valid 

G3BP-binding sequences and genes, including non-coding RNAs, will facilitate 

thorough assessment of G3BP activities. Moreover, analysis of G3BP activation 

downstream of various signalling pathways will reveal the post-translational 

modifications that are required for these activities and interactions. 

  

Summary. Both G3BP1 and G3BP2 are subject to phosphorylation and bind SH3 

proteins, but do not appear to affect the phosphorylation status of other proteins. 

Instead, these proteins appear to be downstream effectors of various signalling 

pathways, which act to alter gene expression at various levels of regulation. These 

studies illustrate that G3BP functions are context-specific, and as such, further 

investigation of the specific actions of these proteins in the context of particular 

signalling pathways will provide information about how these proteins carry out such 

a myriad of activities. It is likely that various post-translational modifications, 

downstream of different signalling pathways, induce conformational changes that 

impart changes in functionality. The data presented in this thesis showed for the first 

time that G3BP1 knockdown reduces cell survival in the face of stress. This reveals a 

G3BP-related phenotype that is readily amenable to experimental examination, and as 

such, provides a platform for further focussed and guided investigation into the 

mode(s) of action of these proteins. 
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 I 

APPENDIX A 
 

Full Sequence alignment of pCMV4-Flag-G3BP1 S149E 
 

The construct pCMV4-Flag-G3BP1 S149E was subjected to sequence analysis across the entire coding 
region. Each segment of sequence (ISE_F, 2_0402, T_2102, ISE_int, G1SE_R) was aligned to the full-
length G3BP1 coding sequence (G3BP1 CDS). 
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