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Figure 5.3: BAG-1 HSC70/HSC70 interactions before and after heat shock 

MCF7 cell clones pcDNA4 and BAG-1S5 were either subjected to heat shock for one 

hour, or remained at 37 °C as controls. Cells were harvested after four hours and 

lysed in HMKEN buffer. Lysate was divided and 10% retained as input whole cell 

lysate (Input), immunoprcipitated with control pre-immune sera (Pre-immune), or 

immunoprecipitated with anti-BAG-1 sera 191 TB2 (191-TB2). Western blotting was 

performed for BAG-1 (3.10 G3E2) and for HSC70 (B6) and HSP70 (C92F3A5). 
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This supports the notion that the BAG-1 :HSC70/HSP70 interaction plays a necessary 

role in the rescue of cells following heat shock by BAG-IS overexpression. 

5.2.3 Mutational analysis and disruption of BAG-1 BAG domain interactions 

Mouse BAG-1 constructs that do not bind to HSP70/HSC70 do not rescue 

clonogenic potential following heat shock (Townsend et al. 2003a). The opportunity 

was therefore taken to make point mutants in human BAG-IS that also do not bind 

these chaperones. These would then be available for future functional assays, and 

would confirm the amino-acid residues important for interaction with HSC70/HSP70. 

Since HSC70/HSP70 binds to helices 2 and 3 of the BAG domain and Raf-1 to 

helices 1 and 2 mutations were made in helices 1, 2 and 3 of the BAG domain as 

described for BAG-IL (see section 4.6.2). In HEK-293 cells the BAG-1 

HSP70/HSC70 interaction was readily detected in wild type BAG-IS transfected cells 

but not in pcDNA transfected cells indicating that there was minimal HSC70 /HSP70 

binding to endogenous BAG-1 detected under these conditions (Figure 5.4). This is 

consistent with the low levels of endogenous BAG-1 in this cell line. HSC70 /HSP70 

bound to the BAG-1 point mutant, but not to the or 

BAG-1 gQ201 A,D208A,Q212A although these mutants themselves were 

immunoprecipitated, demonstrating that they do not bind HSC70 /HSP70. Although 

these mutants have not yet been used in the heat shock assay they have been used in 

other studies demonstrating BAG-1 mediated protection from cellular stress. BAG-IS 

but not for example the or mutants 

protected cardiac cells from ischemia and reperfusion injury (Townsend et al. 2003c). 

5.3 BAG-1 and the Ubiquitin Proteasome machinery 

The ubiquitin proteasome system is important for degradation of denatured 

proteins following heat shock, and there is evidence that BAG-1 links this system to 

the chaperone system (Hohfeld et al. 2001; Luders et al. 2000a). Western blotting was 

therefore performed in BAG-IS and pcDNA clones to compare baseline levels of 

ubiquitylated proteins between clones, and to compare changes in levels following 

heat shock (data not shown). There were no consistent differences found between the 
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Figure 5.4: Co-immunoprecipitation of HSC70/HSP70 with BAG domain mutants 

HEK-293 cells were transfected with pcDNA3, BAG-IS or BAG-IS point mutant. 

Cells were then harvested after twenty-four hours and lysed in HMKEN buffer. 

Lysate was divided and kept as input whole cell lysate, immunoprcipitated with 

control pre-immune sera, or immunoprecipitated with anti-BAG-1 sera 191 TB2. 

Western blotting was performed for BAG-1 (3.10 G3E2) and for HSC70 (B6) and 

HSP70 (C92F3A5). 
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clones in baseline levels of total ubiquitylated proteins. A general increase in 

ubiquitylated proteins was found following heat shock consistent with previous 

reports on the effects of heat shock on protein turnover (Fujimuro et al. 1997; Raboy 

et al. 1991), but again no differences were found between the BAG-IS and pcDNA 

clones. 

BAG-1 contains a ubiquitin like domain and interacts with E3 ligases 

including Siah and CHIP (Demand et al. 2001; Matsuzawa et al. 1998), and in 

addition interacts with the proteasome (Luders et al. 2000a). Siah functions as an E3 

ligase for DCC and P-catenin. These proteins were therefore examined as possible 

target proteins whose expression might be regulated by BAG-IS. No consistent 

differences were found however between pcDNA clones and BAG-IS clones before 

or after heat shock in the expression of DCC (Figure 5.5). There were also no large 

quantitative changes in the levels of |3-catenin expression, although levels were 

perhaps higher in the BAG-IS clones compared to the pcDNA clones prior to heat 

shock, and there was perhaps a tendency towards increased expression following heat 

shock. These results need to be confirmed in further studies but suggest that BAG-1 

may therefore be involved in the control of expression of certain specific growth 

control molecules by regulating their turnover through E3 ligase mediated 

ubiquitylation. 

Co-immunoprecipitation experiments in HEK-293 cells transfected with 

BAG-IS, but not pcDNA, demonstrated a band of higher molecular weight than 

BAG-IS that ran just below BAG-IM (Figure 5.6A). It was suggested that this might 

represent ubiquitylated BAG-IS. Interestingly this band was not clearly seen in the 

ubiquitin domain point mutant BAG-IS*^^""^ that does not rescue from heat shock. 

When western blotting was performed on these lysates for ubiquitylated proteins it 

was not possible to demonstrate any evidence of a ubiquitylated protein migrating at 

the molecular weight of the band that might represent modified BAG-IS (Figure 

5.6B). It has since been confirmed by transfection with HA tagged ubiquitin that this 

form is indeed ubiquitylated BAG-IS (Alberti et al. 2002). It is still not clear however 

why this band was not recognised by the monoclonal antibody to ubiquitin used in 

these experiments. Posssible explanations include the possibility that the epitope is 
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Figure 5.5: Expression of potential BAG-1 target proteins in pcDNA and BAG-IS 

clones before and after heat shock 

Cells were plated in a 90mm dish and subjected to heat shock for 1 hour at 42 °C in a 

hybaid oven. Cells were collected for western blotting prior to heat shock (Pre-HS), 

immediately following heat shock (HS) and 4 hours following heat shock (HS+4). 

Cells were lysed in RIP A buffer, normalised for protein content and 40 jUg of protein 

loaded per well for DCC (A20) and P-catenin (CIS), 60 jxg was loaded for p53 (DOl) 

and p21 (SX118). Western blotting for p53 and p21 in this experiment was kindly 

performed by Dr J Blaydcs. 
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Figure 5.6: Co-inimunoprecipitation with BAG-IS and BAG-

HEK-293 cells were transfected with pcDNA3, BAG-IS or BAG-IS'^^"'^ point 

mutant. Cells were harvested after twenty-four hours and lysed in HMKEN buffer. 

Lysate was divided and kept as input whole cell lysate (Input), immunoprecipitated 

with control pre-immune sera (Pre-immune), or immunoprecipitated with anti-BAG-1 

sera 191-TB2 (191-TB2). Western blotting was performed for BAG-1 (B; 3.10 G3E2) 

and for ubiquitylated proteins (A; FK2). 
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not recognised by the monoclonal antibody used since the poly-ubiquitin chain is 

conjugated atypically through lyseine 11 (Alberti et al. 2002). 

Western blotting for ubiquitin with this antibody did however demonstrate 

high molecular weight ubiquitylated proteins bound to transfected BAG-IS but not to 

transfected BAG-IS'^^^^, or in control pcDNA transfected cells. The 

immunoprecipitations do demonstrate non-specific interaction with high molecular 

weight ubiquitylated proteins in all the control immmunorecipitations. However, 

following immunorecipitation with 191-TB2 immunoreactivity for high molecular 

weight ubiquitylated proteins is increased in lysates from BAG-IS transfected, but 

not BAG-IS^^^'^ or control pcDNA transfected cells. 

5.4 BAG-1, Raf-1 and the MAP kinase pathway 

BAG-1 binds to Raf-1 and activates Raf-1 independent of RAS (Wang et al. 

1996). In addition, U0126, a MAP kinase inhibitor partially reduces the abihty of 

BAG-IS to rescue clonogenic potential following heat shock (Dr P Townsend and Dr 

G Packham, personal communication). It is therefore possible that BAG-1 mediated 

modulation of MAP kinase signalling pathways via Raf-1 might play a part in BAG-1 

mediated rescue of clonogenic potential following heat shock. To determine if there 

were changes in the MAP kinase pathway following heat shock western blotting was 

performed on BAG-IS and pcDNA clones (pcDNA clones 3, 4, 9 and 11 and 

pcDNA-BAG-lS clones 4, 5, 11, 19), before and up to eight hours following heat 

shock. Western blotting was performed for total and phosphorylated MAP kinase 

(p44/42), total and phosphorylated p38, and total and phosphorylated SAP/Jun kinase. 

General increases in the activity of these stress kinases were observed following heat 

shock however no consistent differences were found however between BAG-IS and 

pcDNA clones (data not shown), suggesting that this may not be the major pathway 

by which BAG-1 produces its survival effects following heat shock. 

Since BAG-1 binding to HSC70/HSP70 is altered following heat shock and 

HSP70 and Raf-1 compete for binding to BAG-1 (Song et al. 2001), it is possible that 

changes in BAG-1 HSC70/HSC70 binding are due to changes in other binding 

partners such as Raf-1. To determine the significance of the BAG-1 Raf-1 interaction 
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in BAG-1 mediated protection from heat shock attempts were made to demonstrate 

the BAG-1 :Raf-l interaction by co-immunoprecipitation and GST pull down assays. 

Overall, although there were suggestions of an interaction in some experiments, 

results were not compelling, even when BAG-IS and Raf-1 were co-transfected (data 

not shown). Using the same buffers and techniques Dr Townsend has clearly 

demonstrated the interaction in cardiac cells (Townsend et al. 2003c), indicating that 

our negative results were not necessarily simply due to the choice of the buffers or 

techniques employed. The absence of a clearly demonstrable interaction between 

BAG-IS and Raf-1 in these cells is consistent with the absence of clearly 

demonstrable differences in MAP kinase signalling pathways between BAG-IS and 

control pcDNA transfected clones following heat shock. The implication is that at 

least in this model, BAG-IS does not produce its survival effects through modulation 

of the MAP kinase pathway. 

5.5 BAG-1 and the p53 response 

The p53 protein is a major effector of cell death following stress, and 

therefore to rescue long-term clonogenie potential following heat shock BAG-1 must 

presumably either prevent, or act in some way to reduce the downstream effects of 

the stabilisation of p53 in BAG-IS clones. Expression of p53 was initially studied by 

western blotting (Figure 5.5). p53 was stabihsed following heat shock consistent with 

previous descriptions of the response of p53 to cellular stress (Cadwell & Zambetti 

2001). Similar to the increase in HSP70 expression that occurred following heat 

shock, p53 stabilisation occurred in both control pcDNA clones and in BAG-IS 

clones suggesting that BAG-1 might act downstream of the initial stabilisation of p53. 

One possible mechanism by which BAG-1 might act downstream of p53 

stabilisation to attenuate p53 induced apoptosis following heat shock is through 

modulation of p53 dependent transcription. There is evidence that BAG-IS does not 

modulate p53 dependent transcription (Matsuzawa et al. 1998), but since levels of 

BAG-IS used in the transcriptional experiments were lower than those required to 

produce a survival effect it was felt that the conclusions of these experiments were 
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unreliable. Reporter assays were therefore performed to assess the impact of BAG-1 

on p53 dependent transcription (Figure 5.7). BAX reporter activity increased 20 fold 

when p53 was transfected into HEK-293 cells but was unchanged when BAG-IS was 

transfected in the absence of p53. When BAG-IS and p53 were co-transfected BAG-

IS attenuated p53 dependent transcription through the BAX promoter by 34%. 

Experiments were also performed with BAG-IL. hi this experiment BAG-IL 

did not produce a reduction in p53 induced reporter activity through the BAX 

promoter, although there was a more pronounced effect on the MDM-2. Significant 

reductions in the reporter activity of the p21 promoter were not seen (data not 

shown). BAG-1 isoforms therefore reduce p53 dependent transcription at some but 

not all p53 regulated promoters. 

Western blot analysis was performed to identify candidate p53 target proteins 

whose endogenous levels might be regulated by BAG-1 mediated modulation of p53 

transcriptional activity (Figure 5.5 and data not shown). p21 is a cyclin dependant 

kinase inhibitor involved not only in regulating entry into the cell cycle, but also in 

control of differentiation and apoptosis (Dotto 2000). p21 induction occurred 

immediately following heat shock, whilst p53 stabilisation occurred at four hours 

following heat shock. The p21 induction observed was therefore not due to p53 

stabilisation as the p21 induction occurred prior to the p53 stabilisation. Interestingly, 

an abrogation of p21 induction was seen in BAG-IS but not pcDNA clones. It is 

possible therefore that the differences in p21 levels between BAG-IS and pcDNA 

clones after heat shock are due to changes in rates of degradation since this is also 

recognised to be an important mechanism by which the levels of this protein are 

controlled (Gorospe et al. 1999). It is possible therefore that p21 mediated cell cycle 

arrest occurs in pcDNA clones but not BAG-IS clones. Western blotting was also 

performed for other p53 target genes including BAX (data not shown). There were no 

overall consistent differences between pcDNA and BAG-IS clones before and after 

heat shock in levels of BAX. Since induction of p21 was abrogated by BAG-IS, 

expression of p27, another cell cycle kinase inhibitor regulated by protein turnover 

was studied. No differences were found in levels of p27 after heat shock between 

BAG-IS and pcDNA clones (data not shown). 
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Figure 5.7; The effect of BAG-IS overexpression on p53 dependent transcription 

HEK-293 cells were plated in duplicate wells and co-transfected with a BAX 

promoter reporter construct (A, BAX-luc in B) or an MDM-2 (MDM2-luc in B) 

promoter reporter construct. Cells were co-transfected with empy pcDNA control 

vector or p53 expression construct SN3 and either control pcDNA constuct or BAG-

IS expression construct (A) or BAG-IL expression construct (B). Cells were cultured 

for 24 hours and then harvested and assayed for luciferase and p-galactosidase 

activity. 
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5.6 Identification of candidate BAG-1 target proteins by microarray 

analysis 

Since BAG-1 modulates transcriptional activity, including p53 dependent 

transcription, general transcriptional activity (Niyaz et al.2001; Zeiner et al. 1999), 

and transcription through nuclear hormone receptors (see section 1.7.1 and chapter 4) 

microarray analysis was performed to identify candidate genes whose transcription 

might be affected by BAG-IS. Early passage stable transfectant MCF-7 clonal cell 

lines were produced for these experiments (Figure 5.8). Individual colonies were 

selected and grown in G418 following transfection with pcDNA or BAG-IS, BAG-

IM or BAG-IL expression construct. Approximately half the colonies selected 

overexpressed BAG-1 isoforms and examples are shown (Figure 5.8). In total four 

pcDNA control colonies (A, C, H and J), two BAG-IS colonies (D and J), three 

BAG-IM colonies (D, F and G) and three BAG-IL colonies (B, J and I) were 

identified and cryopreserved for further study. 

For the microarray experiments BAG-IS clone D and pcDNA clone A were 

subjected to heat shock at 42 °C for one hour or kept at 37 °C as controls. 

Experiments performed under these conditions of heat shock had demonstrated that 

BAG-IS clones survive the shock whilst pcDNA clones undergo apoptosis. 12 hours 

later cells were harvested and RNA prepared and labelled cDNA probes 

generated. These probes were hybrised to breast specific gene filters, and bound 

probe detected by autoradiography. The most striking feature following visualisation 

of these four arrays was the overall similarity of the expression patterns 

demonstrated, although some differences were clearly discernible (Figure 5.9). This 

indicates firstly that the fundamental cellular processes in the two clonal cell lines are 

comparable and that they provide a "clean" system for studying the effects of BAG-

IS overexpression. Secondly the similarity demonstrates that the heat shock the cells 

were subjected to was reasonably mild and therefore analogous to a "physiological 

cellular stress" rather than a catastrophic event. Thirdly it demonstrates that the 

timing at which the cells were harvested was appropriate as the aim was to identify 

primary changes following heat shock rather than multiple downstream effects. 
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Figure 5.8: Examples of MCF-7 stable transfectant clonal cell lines 

MCF-7 cells were transfected with control pcDNA plasmid or BAG-1 expression 

construct and grown in the presence of G418 to select for transfected cells. Individual 

colonies (originating from single cells) were selected by trypsinisation in cloning 

rings and plated and grown separately. Cells from surviving colonies were harvested, 

lysed in RIP A buffer and subjected to SDS-PAGE. Protein was transferred to 

nitrocellulose and blotted for BAG-1 expression with 3.10 G3E2. 
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Figure 5.9: Examples of the microarray filters 

RNA was extracted from MCF-7 clonal cell lines pcDNA"^ and BAG-1S° and a""P-

labelled cDNA probe produced by reverse transcription in the presence of ^^P-dCTP. 

The probes were allowed to hybridise in a hybridisation oven at 42°C for 18 hours 

following which unbound probe was removed by washing and bound probe detected 

by autoradiography using a phosphor-imager. A magnified portion of each filter is 

shown. 
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The "Pathways" software allows for pairwise comparisons between gene filters and it 

was decided that for consistency all the filters should be compared to a single control 

filter. Pairwise analyses were therefore performed to compare the filter of the 

pcDNA'^ clone kept at 37 °C with each of the three other filters. Initial data 

processing involved performing a statistical test (Chen test) to identify all genes in 

which the difference in signal was likely to be due to differential regulation with a 

greater than 90% probability. Such statistical tests are important as they take not only 

the distribution of the data into account, but also the fact that microarray techniques 

involves multiple hypothesis testing across thousands of genes and so tests have to be 

more stringent than when testing single hypotheses. 

Traditionally genes with a greater than two fold variation are considered 

differentially regulated. This is not necessarily the optimal cut off for all filters 

however since the experimental methodology and technique may affect the full 

distribution of the expression patterns across filters (Quackenbush 2002). With the 

experiments described here the fiill range of variation of expression between genes 

was not always apparent as those genes with very high expression produced saturated 

pixels. To compensate for this a cut-off of 1.8 was chosen to define differentially 

regulated genes in these experiments. Further data processing involved one further 

criteria of an absolute difference in expression. Only genes with an absolute 

difference in signal of greater than or equal to 0.9 were considered significant. This is 

because at very low levels of gene expression the effects of experimental noise 

become much more pronounced and so it becomes impossible to separate biologically 

important differences from experimental artefact. 

The results of the three pairwise comparisons that meet these criteria are 

shown (Tables 5.1-5.3). Although it should be stressed that changes observed in all 

these candidate genes will require confirmation, several patterns emerge. Comparison 

of the BAG-IS clone with the pcDNA clone under control conditions revealed 

changes in expression in proteins involved in signal transduction, particularly through 

tyrosine kinase receptor / MAP kinase pathways. There was increased transcription of 

a tyrosine kinase substrate, reduced transcription of MADD, a protein implicated in 

TNF-a signalling through activation of the ERK pathway, and reduced transcription 
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Table 5.1: Microarray analysis of control BAG-1S° compared to control pcDNA^ cells. 
Accession No. Ratio Difference Protein and comments 

Increased in control BAG-1S° relative to control pcDNA^ cells 

AA481540 543 2J4 Uncharacterised protein. Contains three consecutive armadillo/p-catenin like repeats believed to be 

involved in protein;protein interactions and a karyopherin domain implicated in intracellular 

trafficking. 

AI004316 338 1.60 EST. Protein contains one domain of unknown function (DUF143). 

AI369331 2.49 1.05 Signal regulatory protein a-1. A substrate of activated receptor tyrosine kinases. 

R44202 2.34 Catechol-O-methyltransferase. Methyl conjugation is an important pathway in the metabolism of many 

drugs, neurotransmitters and hormones. COMT inactivates catechol oestrogens that are believed to 

contribute to the development of oestrogen induced cancers (Lavigne et al. 1997;Lavigne et al. 

2001;Weinshilboum et al. 1999). 

AA035310 2.16 1.08 Hypothetical protein. Contains an Sm domain present in small nuclear ribonucleoprotein particles 

(snRNPs) involved in pre-mRNA splicing. 

R61332 1.82 1.74 The ubiquitin activating enzyme El. Catalyses the first step of ubiquitylation. Temperature sensitive 

mouse ts85 cells contain a defective El enzyme that is heat labile. 

Decreased in control BAG-1S° relative to control pcDNA^ cells 

AA669532 0.2 1.67 EST. 

AA281945 0.27 2.69 MADD (MAP kinase activating death domain). Interacts with tumour necrosis factor (TNF) receptor 1 

and activates ERK and nuclear factor /cB. Alternatively spliced isoforms can either increase or reduce 

TNF-a mediated apoptosis through downstream modulation of caspase-8 and 3 (Al Zoubi et al. 

2001;Schievella et al. 1997). 

AA976544 0 J 9 2.11 Melanophilin. Involved in melanosome transport by linking melanosomes to the actin transport 

machinery (Fukuda et al. 2002;Strom et al. 2002). 
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Continued 

Accession 

AA456931 

AA634103 

R59927 

R59927 

AA598508 

AA486746 

AA996131 

Ratio 

0.40 

0.43 

0.48 

0.49 

0.50 

0.54 

0.56 

Difference 

3.02 

1.47 

231 

2.09 

1.31 

1.04 

.93 

Protein and comments 

Cytochrome c oxidase subunit (COX) Vic. A subunit of cytochrome c oxidase, the terminal complex of 

the mitochondrial respiratory chain. A nuclear gene encodes this subunit. COX deficiency is the most 

frequent cause of human respiratory chain defects including Leigh syndrome. In conjunction with nitric 

oxide COX may be involved in mediating apoptotic and survival responses to hypoxia (Barrientos et al. 

2002;Moncada & Emsalimsky 2002;Rahman et al. 2000) 

Thymosin-beta 4. Beta thymosins are present at high concentrations in all cells and bind monomeric 

actin preventing polymerisation into filaments, but supplying a pool of monomers when the cell 

requires filaments (Huff et al. 2001;0tto et al. 2002). 

COX Vic 

COX Vic 

Cellular retinoic acid binding protein. Binds to retinoic acid and may be involved in the regulation of 

skin growth and differentiation (Comic et al. I994;Napoli et al. 1991;Wolf 2000). 

Ribosomal subunit L28. Ubiquitylation of this ribosomal subunit is associated with the S phase of the 

cell cycle. Abnormal expression of RNA transcripts of this subunit occur in colorectal carcinomas 

(Spence et al. 2000). 

SH3 binding glutamic acid rich (SH3BGR) protein. Contains a PXXP motif like BAG-3 responsible for 

binding to SH3 domains of proteins involved in signal transduction. Structural homology to the 

Thioredoxin superfamily and suggesting that this protein may be involved in the control of redox 

dependent processes (Egeo et al. 1998;Egeo et al. 2000;Mazzocco et al. 2001 ;Mazzocco et al. 2002). 

Table 5.1: Microarray analysis of control BAG-IS compared to control pcDNA cells. 

Genes included are upregulated or downregulated more than 1.8 fold with an absolute difference in intensity score of more than 0.9 

units. 
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Accession No. Ratio Difference Protein and comments 

Increased in pcDNA^ following heat shock relative to control pcDNA^ 

AA452140 236 EST. A putative kinase with structural similarity to doublecortin, a brain specific 

transmembrian protein. Contains a putative tyrosine kinase catalytic domain. 

Decreased in pcDNA^ following heat shock relative to control pcDNA^ 

AA976544 0.24 2.27 Melanophilin. 

AA281945 0.25 2.77 MADD 

AA669532 0.27 1.53 EST 

W48713 048 2.64 The epidermal growth factor receptor (EGFR). 

AA488631 0.50 1.22 Image clone. No conserved domains within putative protein encoded. 

AA634008 0.53 2.08 Ribosomal protein SI 3. A component of the small 40S ribosomal subunit''. 

AA666180 0.53 1.05 Ear-2. A nuclear orphan receptor with close homology to other steroid hormone receptors. 

AA670315 0.53 2.31 Hypothetical protein with no conserved domains. 

AA991507 0.55 2.04 Selectin P ligand. The P selectin ligand is expressed on various leukocytes and mediates 

binding of leukocytes to P selectin expressed on activated platelets and endothelium and thus 

accelerates fibrin formation and deposition during thrombogenesis (Shebuski & Kilgore 

2002). 

Table 5.2: Microarray analysis of gene expression in the pcDNA'^ clone before and after heat shock. 

Genes included are upregulated or downregulated more than 1.8 fold with an absolute difference in intensity score of more than 0.9 

units. 
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Table 5.3: Microarray analysis of BAG-1S° (following heat shock) compared to pcDNA"^ (unheat shocked). 
Accession No. Ratio Difference Protein and comments 

Increased in BAG-lS"^ following heat shock relative to control pcDNA^ 

AA454618 4.84 2.37 Associated molecule with the SH3 domain of ST AM (AMSH). AMSH binds to STAM and Smad6 

which are components of the TGF-(3 superfamily signalling pathway. Overexpression of AMSH 

increases growth inhibitory signalling through these pathways. AMSH deficient mice show extensive 

hippocampal neuron apoptosis (Ishii et al. 2001;Lohi & Lehto 2001;Tanaka et al. 1999) 

R71093 2.71 1.23 Hsp47. Hsp47 is a heat inducible chaperone specific for collagen and is required for normal collagen 

synthesis and for maintaining the structure of collagen during thermal stress. Hsp47 deficient mice die 

in utero and exhibit multiple defects consistent with a severe deficiency in the mature processed form 

of collagen (Hendershot & Bulleid 2000;Nagai et al. 1999;Wilhams 2000). 

R44202 2.51 123 COMT 

AA485959 2.13 1.42 Keratin 7. Keratin 7 is one of approximately 20 keratin subtypes, which together form essential 

structural components of the intracytoplasmic cytoskeleton. Carcinomas of epithelial origin, 

particularly glandular including breast carcinomas express high levels of keratin 7. 

Immunocytochemical analysis of ketatin subtype is used to identify the origins of metastases from 

unknown primary sites (Chu & Weiss 2002;Tot 2002). 

H16958 1.99 2.60 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Classically involved in glycolysis catalysing 

the conversion of Glyceraldehyde 3-phospate to 1,3-Bisphosphoglycerate yielding NADH. Increases in 

GAPDH expression occur in prostate cancer and during oxidative stress. Induction of apoptosis in 

cerebellar granule cells is dependent induction and translocation of GAPDH to the nucleus, and is 

independent of glycolytic activity (Berry & Boulton 2000;Sirover 1999). 

H79353 1.98 1.39 The Fc fragment of the high affinity IgE receptor 1. The binding of antigen to IgE triggers the release 

continued of histamine and other substances from mast cells. 
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Accession Ratio Difference Protein and comments 

AA425435 1.96 1.77 Protein of unknown function. Contains a GTPase domain. 

N21338 1.94 1.52 Protein of unknown function. No conserved domains. 

AA429483 1.86 2.18 Mitochondrial ribosomal protein S21. Mammalian mitocondrial ribosomal proteins are encoded by 

nuclear genes and catalyse protein synthesis within mitochondria. 

AA481464 1.81 1.29 Cyclophilin B. Cyclophilins are heat inducible chaperones involved in protein synthesis, refolding 

misfolded proteins following cellular stress and steroid receptor maturation. Cyclophilin B complexes 

with prolactin and binds to StatS enhancing StatS mediated DNA binding and transcriptional activity 

resulting in increases in cell viability (Andreeva et al. 1999;Andreeva et al. 1997;Fluckiger et al. 

2002;Rycyzyn et al. 2000;Rycyzyn & Clevenger 2002). 

AA088749 1.81 1.16 Hypothetical protein. Putatively contains a CIDE-N domain present in CAD nuclease and I-CAD the 

inhibitor of CAD nuclease, two proteins involved in apoptotic DNA fragmentation. 

Decreased in BAG-1S° following heat shock relative to control pcDNA^ 

AA976544 0.21 2.36 Melanophilin 

AA669532 0.25 1.56 EST 

AA281945 0.26 Z73 MADD 

AA488631 032 1.66 Image clone 

R59927 0J8 2.77 COX Vic 

AA634103 043 1.46 Thymosin beta 4 

R59927 0.47 2.19 COX\Tc 

AA996131 0 ^ 5 0.97 SH3BGR protein 

Table 5.3; Microarray analysis of BAG-IS (following heat shock) compared to pcDNA (unheat shocked). 

Genes included are upregulated or downregulated more than 1.8 fold with an absolute difference in intensity score of more than 0.9 

units. 
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of the SH3GBR protein. As BAG-1 itself can activate MAP kinase pathways such 

changes are consistent with our understanding of BAG-1 function. There is an 

increase in the transcription of El , the ubiquitin activating enzyme, and a reduction in 

the transcription of ribosomal subunit L28, ubiquitylation of which is associated with 

S phase of the cell cycle. The El cDNA was present twice on the filter, but only one 

of these spots met the stringent criteria outlined for the definition of differential 

regulation of candidate genes. On reviewing the second spot El transcription was also 

increased in this duplicate spot in the BAG-IS clone but not to the same degiee. 

Given the close association of BAG-1 and the ubiquitin/proteasome system and the 

importance of the El enzyme this candidate should be considered for further testing, 

despite the discrepancy in the degree of difference between duplicate spots. In 

contrast to the El enzyme cytochrome c oxidase (COX) Vic showed a reduction in 

transcription in the BAG-IS clone at three distinct positions. Although cytochrome c 

oxidase is involved in the terminal stages of the mitochondrial electron transport 

chain, it has also been implicated in mediating responses to hypoxia. As subunit 

specific antibodies have been produced, primarily to investigate respiratory chain 

disorders, it will be relatively easy to test for changes in COX Vic protein expression. 

Following heat shock in the pcDNA^ clone only one gene met our criteria for 

upregulation, and this for a hypothetical protein. This perhaps is consistent with the 

general reduction in transcription that occurs following such cellular stresses. Also 

associated with this there was a reduction in the transcription of the S13 ribosomal 

protein and also of the S23 ribosomal protein (ratio 0.47, absolute difference 0.85). 

There was also reduction in transcription of the epidermal growth factor receptor, 

which may be expected to make the cells more dependent on growth factor signalling, 

and reduction in transcription of an orphan NHR. 

In contrast to the pcDNA clone the pattern in the BAG-IS clone following 

heat shock was quite different, and significantly more genes were upregulated. There 

was only one gene that met the criteria that was downregulated in the pcDNA clone 

following heat shock and was also downregulated in the BAG-IS clone (Table 5.4). 

All other genes that were downregulated in the BAG-IS clone after heat shock were 

also downregulated prior to heat shock. This is consistent with reports that BAG-1 
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Accession Gene pcDNA^ BAG-1S° pcDNA^ BAG-1S° 

control control heat shock heat shock 

AA669532 EST 1 0.2 &27 &25 

AA281945 MADD 1 a 2 7 0 2 5 &26 

AA976544 Melanophilin 1 &29 0 2 4 0.21 

AA488631 Image clone 1 ns 0.50 a 3 2 

R44202 COMT 1 2.34 ns 2.51 

R59927 COX Vic 1 0.48 ns &38 

AA634103 Thymosin beta 4 1 &43 ns 0.43 

AA996131 SH3BGR 1 &56 ns 0.55 

Table 5.4: Relative expression of selected genes 

Genes included are those from tables 5.1 to 5.3 that exhibit significant changes in 

expression control pcDNA"^ cells on more than one filter, ns: Not significantly 

different to control pcDNA^ cells. 
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can overcome the general transcriptional repression that can occur following heat 

shock (Zeiner et al. 1999). Consistent with this there was an increase in the 

transcription of ribosomal proteins including the mitochondrial ribosomal protein S21 

and the ribosomal protein S13 (which was reduced in the pcDNA clone following 

heat shock) which may allow increased protein production following heat shock. 

Following heat shock there were also increases in various structural and stress 

inducible proteins that did not occur in the pcDNA clone following heat shock. These 

include increases in cyclophilin B, keratin 7 and Hsp47, which is important for the 

production of collagen. The expression of AMSH, a protein associated with survival 

signalling from the TGF-P receptor superfamily is notable as the gene most 

upregulated in the BAG-IS clone following heat shock, and is therefore an important 

potential novel BAG-1 target. 

5.7 Discussion 

Cellular stress and heat shock classically induce heat shock proteins which 

perform critical functions necessary for cell survival following these stresses (Kiang 

& Tsokos 1998). These include chaperoning and refolding of proteins misfolded by 

thermal stress, but also include a more direct role in the regulation of apoptosis 

(Mosser et al. 1997). As BAG-1 regulates the function of HSP70 and HSC70 initial 

experiments to determine the molecular mechanisms by which BAG-1 can regulate 

apoptosis focused on these proteins. Expression of the inducible HSP70, but not of 

the constitutive HSC70, increased within four hours, in both BAG-1 and control 

pcDNA clones following heat shock. This demonstrates that BAG-1 does not 

modulate the immmediate response of cells to produce HSP70 for example by 

modulating transcription of HSP70 by heat shock factors. Increases in transcription of 

HSP70 RNA were not seen at 12 hours in the microarray experiments however, 

possibly because the induction of HSP70 had already occurred by this time. 

Previous reports have suggested that the increased levels of HSP70 following 

heat shock lead to increased in the amounts of HSP70 bound to BAG-1 (Song et al. 

2001). The opposite was seen here, and it was found that heat shock lead to the 
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complete dissociation of BAG-1 from both HSC70 and HSP70 in pcDNA clones, but 

only a partial dissociation in BAG-IS clones. It may well be that this difference is 

simply a result of the equilibrium kinetics and the interaction in the BAG-IS clones is 

maintained because there is much more BAG-IS present. This does not mean that the 

differences are not biologically significant however, and these results suggest that the 

maintenance of the BAG-1:HSC70/HSP70 interaction is important for cell survival 

following heat shock consistent with previous work using BAG-IS point mutants 

(Townsend et al. 2003a). Importantly the levels of heat shock used in the experiments 

described here were carefully titrated so that they led to biologically significant 

outcomes in particular survival in the BAG-IS clones and death in the pcDNA clones. 

It is possible for example to envisage that lesser or greater levels of heat shock, as 

used in other studies, may produce differing results. 

Raf-1 is activated by BAG-1 by binding to a site on BAG-1 that overlaps with 

the binding site of HSC70 and HSP70. The possibility that BAG-1 mediated its effect 

following heat shock by modulating signalling through the MAP kinase pathway was 

therefore explored. Raf-1 was initially identified as the cellular homologue of v-raf 

the transforming gene of the murine sarcoma virus 3611 (Rapp et al. 1988). 

Observations that the catalytic domain of Raf-1, without the regulatory functions of 

amino-terminal sequences, are sufficient to transform murine cells (Schultz et al. 

1988) clearly demonstrate that Raf-1 signalling is inherently pro-survival and 

therefore makes it an attractive possible BAG-1 target. The situation is more complex 

however when the whole network of MAP kinase signalling is considered. Although 

MAP kinases are generally activated after cellular stress the cellular effects are 

dependent on a wide range of interacting factors. Therefore prolonged activation of 

ERK1/ERIC2 generally is generally required for transcription of cyclin Dl , whilst 

activation of p38 inhibits transcription of cyclin Dl and has a negative role in cell 

proliferation (Robinson & Cobb 1997). It was therefore important that all the main 

MAP kinase pathways were investigated. Despite an intensive and thorough search 

however no consistent differences were found by western blotting in MAP kinase 

signalling between BAG-IS and pcDNA clones following heat shock. A clear 

interaction between BAG-1 and Raf-1 was also not demonstrated in these cells. It is 

184 



therefore possible that the importance of the BAG-1 ;Raf-l interaction and signal 

modulation is cell type specific, and is not an important target of BAG-1 in this 

system. At the time these experiments were initiated the effects of point mutations 

within the BAG domain of BAG-IS on long term survival were not known. It was 

subsequently demonstrated that BAG-IS helix 3 point mutants that retain the ability 

to bind Raf-1, but lose the abihty to bind to the chaperones, also lose the ability to 

rescue MCF-7 cells from heat shock (Townsend et al. 2003a). This provides further 

evidence that in at least in this system, the BAG-1: HSC70/HSP70 interaction is of 

greater importance than the BAG-1:Raf-1 interaction in protecting from heat shock 

induced apoptosis. 

In contrast to Raf-1, both BAG-1 amino-terminus deletion mutants and a ULD 

point mutant suggest that the BAG-1 ULD is important for BAG-1 mediated survival 

in this system (Townsend et al. 2003a). The ULD mediates interactions between 

BAG-1 and the proteasome (Luders et al. 2000a) and so clonogenie assays were 

performed to asses the effect of proteasome inhibitors, for example MG132, on the 

protective effect of BAG-1 following heat shock. Unfortunately these inhibitors 

significantly reduced clonogenic potential, even in the absence of heat shock, and so 

this approach did not produce meaningful results and was not pursued (data not 

shown). The BAG-1 ULD does not however appear to stimulate increases in total 

ubiquitylation of cellular proteins either before or after heat shock (Section 5.3), but 

may effect the expression of specific targets of E3 ligases to which BAG-1 binds such 

as P-catenin which is ubiquitylated by Siah (Section 5.3). This is supported by 

evidence presented demonstrating that BAG-IS but not B A G - 1 i s associated in 

complexes with high molecular weight ubiquitylated proteins (Figure 5.6). It is 

possible to envisage ternary complexes between BAG-1, E3 ligases and specific E3 

ligase targets such as p-catenin that may be important growth regulatory or survival 

proteins. BAG-1 may be involved in the regulation of E3 ligase activity whilst the E3 

ligases themselves confer substrate specificity. Since BAG-1 itself is ubiquitylated at 

lysine 80, this may explain in part the importance of this domain. Ubiquitylation of 

BAG-1 may act as a signal or for E3 ligase targeting or activation, or may act as a 

cofacotor in the ubiquitylation of specific substrates by E3 ligases. 
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The p53 protein is inactivated by mutation in approximately 50% of human 

cancers and therefore is an important tumour suppressor. Since wild type p53 is pro-

apoptotic and growth inhibitory and is induced by types of damage that may produce 

DNA mutations, induction of p53 prevents the proliferation of cells that may harbour 

cancer-causing mutations by deleting such damaged cells. Many tumours however 

are able retain wild type p53 and to survive and proliferate despite having such DNA 

changes. In particular the MCF-7 cells that overexpress BAG-1 proliferate despite 

p53 induction after heat shock, whilst controls transfected do not survive. In the 

BAG-1 transfected cells there must presumably be mechanisms of inactivating the 

function of wild type p53. Reporter assays demonstrated that BAG-IS and BAG-IL 

were both able to inhibit p53 dependent transcription in HEK-293 cells. These results 

have now also been confirmed by others in Dr Packham's laboratory in MCF-7 cells 

(Dr D O'Connor and Dr G Packham; personal communication). These effects of 

BAG-1 on p53 dependent transcription, although preliminary, are potentially a novel 

mechanism by which p53 function and cell survival is regulated by BAG-1. For 

example BAG-1 overexpression may provide a mechanism by which tumour cells can 

tolerate wild type p53. Consistent with this in breast cancer BAG-1 overexpression 

commonly occurs in well differentiated tumours, and these tumours commonly retain 

wild type p53. Further work must be perfoiTned to characterise the effect fully. This 

will include comparison of the various BAG-1 isoforms for the ability to inhibit p53 

dependent transcription in other cellular backgrounds for example in a p53 null 

background such as Saos-2 oseosarcoma cells, and with other p53 responsive 

promoters, and control promoters. 

The stabilisation of p53 that occurs in MCF-7 cells following heat shock is not 

altered by BAG-IS and so BAG-IS does not significantly enhance p53 ubiquitylation 

and degradation. It is possible however that BAG-1 may regulate p53 dependent 

transcription through regulation of the degradation of other specific target proteins 

involved in the control of p53 function. For example the ASPP proteins enhance 

DNA binding and activation by p53, and are frequently down regulated in human 

breast carcinomas expressing wild-type p53 (Samuels-Lev et al. 2001), which will 

also tend to express high levels of BAG-1. 
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To determine if BAG-1 expression altered the expression of p53 target genes, 

p21 expression was studied before and after heat shock. Although p21 levels did 

appear to be regulated by BAG-IS following heat shock induction of p21 occurred 

too early to be due to changes in p53 transcriptional activity since it preceded 

induction of p53. The literature on the induction of p21 by heat shock demonstrates 

that p21 can be induced both by p53 dependent and p53 independent mechanisms, 

and that p21 degradation is often regulated by ubiquitylation. For example in primai y 

human fibroblasts, cell cycle arrest after heat shock is p53 dependent and due to p21 

induction which occurs after 6 hours (Nitta et al. 1997). In contrast in a immortalised 

fibroblast cell line (MDA H041; p53 null), p21 induction following heat shock 

occurred within 1 hour, and in the presence of cycloheximide suggesting that it was 

due to changes in the rate of p21 degradation (Fuse et al. 1996). Thus p21 may be an 

important target of BAG-IS, but may be more associated with BAG-1 effects on 

protein turnover then on p53 function per se. 

In addition to the directed analysis of potential BAG-1 target proteins a 

micro array analysis was performed as a systematic technique to identify novel BAG-

1 potential targets. It is important when assessing the microarray data to bear in mind 

the preliminary nature of the results. Three genes (MADD, Melanophilin and an EST) 

appear to be differentially regulated both by BAG-IS and by heat shock (Table 5.4). 

It is conceivable that this result is not real and that the levels of RNA expression of 

these genes were artefactually high in the pcDNA sample (cells maintained at 37 °C) 

that was used as a control for all the pairwise comparisons. It is possible for example 

that the signal produced for these genes was due to non-specific adherence of the 

probe to dust or a slightly damaged point on the filter. The changes found in these 

stably transfected clonal cell lines will also need to be confiraied in other BAG-IS 

and pcDNA clones to confirm that they are representative of the effects of BAG-1 as 

a whole and not an artefact of the particular clonal cell line used. Also PGR 

techniques will be required to confirm the changes in RNA expression since the 

cDNA clones can occasionally be "spotted" inaccurately during the production of the 

filters or libraries may be cross-contaminated. In addition the changes will ultimately 

have to be confirmed at a protein level, as changes in RNA levels may not always be 
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translated into changes in protein levels. Indeed increases in RNA production could 

be a response to reduced protein levels for example as part of a negative feedback 

loop responding to increased protein degradation. 

Despite these cautions the technique was successful in achieving the aims of 

identifying several candidate BAG-1 targets. Interestingly many of these fall into 

functional categories that BAG-1 might be expected to impinge on, such as proteins 

involved in cell signalling through tyrosine kinase pathways. It is reassuring that in all 

instances examined where there was more than one spot for a particular gene then 

both spots demonstrated the same trend, if not always to the same degree. Where 

differences occurred it was usually apparent from studying the filter that they were 

due to saturation of one of the spots. There are therefore consistent changes in the 

expression of multiple candidate genes, and although many of the changes are 

consistent with what is understood of the biology of BAG-1 and heat shock, all the 

candidates will require further testing and evaluation before any can be confirmed as 

novel targets important for BAG-1 action. 
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6. Discussion 

It is likely that BAG-1 plays an important role in breast cancer. Expression of 

BAG-1 is frequently altered in human cancers and may have prognostic value 

(Cutress et al. 2002; Takayama & Reed 2001; Tang 2002). Work described here 

demonstrates that nuclear BAG-1 expression is associated with expression of ERa 

and PgR receptors, and in patients treated with hormone therapy, with patient 

outcome (Chapter 3). BAG-1 is known to regulate nuclear hormone receptors and 

thus the sensitivity of cells to a variety of nuclear hormones, and hence modulate 

signaling involved in controlling a myriad of important cellular processes (Cato & 

Mink 2001; Cheung & Smith 2000). Work described in this thesis demonstrates that 

BAG-IL interacts with and potentiates signalling through both ERa and ERp and the 

mechanisms underlying this have been examined by mutagenic analysis (Chapter 4). 

Multiple studies using a wide variety of techniques have previously demonstrated that 

BAG-1 protects cells from diverse inducers of apoptosis and activates key signaling 

molecules such as Raf-1, important for cell prohferation and survival (Takayama & 

Reed 2001; Tang 2002; Townsend et al 2003b). It is now known that BAG-1 

attenuates p53 dependant transcription and preserves long term clonogenic potential 

following heat shock in MCF-7 cells, and micro array analysis has provided further 

clues of potential BAG-1 targets (Chapter 5). These new findings are likely to 

increase the understanding of role and function of BAG-1. 

6.1 BAG-1 expression in cancer 

Various studies have demonstrated that the expression BAG-1 is altered in 

breast cancer and that BAG-1 expression patterns are associated with patient outcome 

(Table 1.3). The association of BAG-1 expression with hormone receptor status and 

patient outcome in patients treated with hormone therapy is addressed in chapter 3. 

The results obtained here, that BAG-1 expression is associated with improved patient 

outcome appears to be consistent with the results of several other studies of patients 
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with this disease. Both Townsend et al (Townsend et al. 2002), and Turner et al 

(Turner et al. 2001) and work described in chapter 3 suggested that BAG-1 

expression was associated with improved outcome. Whilst work described in chapter 

3, and by Townsend et al suggested that nuclear BAG-1 was associated with 

improved outcome, Turner suggested that cytoplasmic BAG-1 expression was 

associated with improved outcome. A close association between nuclear and 

cytoplasmic BAG-1 expression was described in chapter 3 and this may partly 

explain this difference. In contrast the study of Tang (Tang et al. 1999) demonstrated 

an association between BAG-1 expression and shorter overall and disease free 

survival. Sjostrom et al (Sjostrom et al. 2002) however found no association between 

BAG-1 expression and outcome, but they did not separate nuclear from cytoplasmic 

BAG-1 expression unlike other studies that demonstrate differences in patient 

outcome. Although BAG-1 expression therefore appears to be predictive of outcome 

from breast cancer there are differences in detail between the studies, and differences 

in cohort characteristics and treatment regimens may partly account for this (Cutress 

et al. 2001). 

The association found in chapter 3 between nuclear BAG-1 expression and 

improved outcome in patients treated with hormone therapy is intriguing given the 

effects of BAG-1 expression on oestrogen dependent transcription (chapter 4). It is 

postulated that increases in BAG-1 expression help drive oestrogenic signalling in 

ERa positive tumours that are dependent on these pathways. This is also found with 

AIBl, which like BAG-1 enhances oestrogen dependent transcription and commonly 

undergoes gene amplification in breast cancer which correlates with ERa and PgR 

positivity (Anzick et al. 1997; Bautista et al. 1998; Planas-Silva et al. 2001). This 

hypothesis also explains the observed association found between nuclear BAG-1 

expression and expression of the ERa target gene PgR. In contrast tumours that are 

less dependent these pathways can afford to lose expression of ERa and nuclear 

BAG-1, and thus lose PgR expression. Hence as with loss of ERa expression, loss of 

nuclear BAG-1 expression is associated with poorer patient outcome. In contrast to 

other downstream markers of ERa frmction such as PgR and pS2 it is hypothesised 
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nuclear BAG-1 expression may be partly responsible for the increased oestrogenic 

signalling, and may therefore serve as a potential target for therapy in these tumours. 

Despite the successful production of a BAG-IL specific antibody however it 

has still not been formally proven if nuclear BAG-1 expression in these tumours is 

due to increased expression of BAG-IL. Given that the multiple BAG-1 isoforms can 

be functionally distinct, and in particular given the fact that only BAG-IL potentiates 

oestrogenic signalling, the consequences of of relocalisation of the cytoplasmic 

isoforms to the nucleus might be very different from those of high level BAG-IL 

expression. As discussed these proteins were not discriminated by the antibodies 

previously used in immunohistochemical analyses of cancer samples. Since the same 

mRNA encodes all BAG-1 isoforms it is also not possible to use RNA-based 

approaches to measure their relative levels of expression. The BAG-IL specific 

antibody produced is therefore an important reagent. It is unfortunate that it does not 

produce staining on formalin fixed paraffin embedded material, and that BAG-1 

epitopes in the nucleus appear to be hidden to both this antibody and to the pan-

isoform antibody 3.10 G3E2 in frozen material. The BAG-IL specific antibody 

demonstrates that BAG-IL may be present in the cytoplasm in breast cancer cells. As 

with colon cancer where it is known the relocalisation of BAG-IL to the cytoplasm 

does occur under certain situations (Arhel et al. 2003), it is possible that BAG-IL can 

relocahse to the cytoplasm in breast cancer. The further development and application 

of isoform specific antibodies will enable further characterisation of the significance 

and expression patterns of specific BAG-1 isoforms. This should enable improved 

dissection of the relationship between differing BAG-1 isoforms and clinical 

outcome. 

One limitation of immunohistochemical studies that simply assess protein 

expression is that functional changes may pass undetected. It is not known for 

example if mutations occur within BAG-1, and if so what the functional 

consequences might be. BAG-1 may be phosphorylated under some conditions (Cato 

& Mink 2001; Schneikert et al. 2000). The functional significance of this and other 

potential post-translational modifications (such as BAG-1 ubiquitylation (chapter 5) 

(Sourisseau et al. 2001)) are poorly understood and presumably are not discriminated 
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by immunohistochemistry with current antibodies. It is also hkely that the key targets 

of BAG-1 will differ between cell types. For example, ERa is a key regulator of 

breast epithelial cells and BAG-IL may therefore be a key determinant of survival in 

breast cancer. By contrast, in oral cancer, suppression of retinoid-induced 

differentiation may be crucial. Since the BAG-IS isoform suppresses RAR function, 

overexpression of BAG-IS might also be of importance. Thus, we should not expect 

a simple pattern of changes in BAG-1 expression in all cancer types due to 

differences in "key" BAG-1 targets in different cell types. Improved understanding of 

these factors may further clarify the possible role of BAG-1 as a novel prognostic 

marker and therapeutic target in a wide range of malignancies. 

Overall there is increasing evidence that BAG-1 expression is frequently 

altered in the most common human cancers. Studies have focused on breast cancer, 

non-small cell lung cancer and colon cancer. As the second most common cancer in 

men and the fourth most common cancer in the United Kingdom overall it is very 

important that a study of the expression of BAG-1 in prostate cancer is undertaken. 

This is particularly important given the known functional consequences of BAG-1 

overexpression on androgen receptor signalling, and responsiveness to anti-

androgens, and since like breast cancer prostate cancer is often dependent on 

hormonal signalling and hormone therapy is an important form of treatment. BAG-1 

expression has also been examined in squamous cell carcinoma of the head and neck, 

and there are indications that BAG-1 expression may also be altered in glioblastoma, 

cervical cancer and haemopoietic malignancies (Table 1.4). Although some 

inconsistencies have been reported, there appears to be broad agreement that BAG-1 

is overexpressed in breast and non-small cell lung cancer and that this can correlate 

with clinical parameters and improved patient outcome. Conversely BAG-1 

overexpression is associated with poorer prognosis in colo-rectal and oral squamous 

cell carcinomas. Differences between tumour types may be due to differencies in the 

relative importance of the many BAG-1 functions in the different tumours. Further 

work, including prospective trials, is required to confirm these findings. Larger 

prospective studies should be more representative of the spectrum of breast cancer as 

a whole and have increased power to detect independent prognostic predictors in 
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multivariate analysis, in particular in the presence of possible confounding 

associations such as tumour grade and ERa status. In addition given the ability of 

BAG-1 to target multiple biological pathways, these should be sufficiently large to 

allow pre-defined subgroup analysis to determine the effect of BAG-1 on survival in 

patients treated with specific therapeutic regimens (e.g., hormonal therapy versus 

chemotherapy). The TACT study is a randomised-controlled trial that has recruited 

over three thousand patients to investigate the effect of the addition of docetaxol, a 

drug that inhibits the production of tubulin, to standard adjuvant chemotherapy 

regimes. Patients within this study have consented to have various "biological 

predictors of therapeutic response" measured, and an application has been co-written 

by the author to consider inclusion of BAG-1 as one of these markers. 

Since the deregulation of BAG-1 expression has functional consequences for a 

wide range of cancers an increased understanding of the mechanism by which BAG-1 

expression is regulated and can be deregulated will be important. The BAG-1 

promoter has only been studied to a limited degree and the importance of 

transcription factors, signalling pathways and external stimuli in controlling the 

expression of BAG-1 will need further study. Cell type specific differences in BAG-1 

isoform expression patterns and reporter analysis with the BAG-1 promoter and 

various deletion constructs may provide a starting point for such studies. For example 

BT-474 cells express high levels of BAG-1 L compared to other breast cancer cell 

lines and CAL-51 cells express low levels of BAG-IS compared to other breast 

cancer cell lines (Figure 3.11) (Brimmell et al. 1999). It is likely that increases in 

BAG-IS expression are due to increased IRES activity since increased promoter 

activity may be expected to increase BAG-IL expression preferentially. As BAG-1 

expression is also regulated by post-transcriptional mechanisms (Townsend et al. 

2002), it will be important to understand better exactly how this occurs and under 

what circumstances. Mutations in the c-myc IRES have been described in multiple 

myeloma that lead to increased c-myc translation for example (Chappell et al. 2000), 

and it is conceivable that such mutations may occur in the BAG-1 IRES and lead to 

the high levels of BAG-IS found in some tumours. 
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6.2 BAG-1 and NHR transcription 

The predominant expression of BAG-1 L in many hormone dependent cancer 

cell lines (Takayama et al. 1998) suggests that BAG-1 may play an important role in 

modulating responses to nuclear hormones and hormonal therapies in cancer cells. 

The list of hormone receptors affected by BAG-1 now includes the oestrogen 

receptors ERa and ERp. BAG-IL potentiates transcription through both these 

receptors at the consensus ERE but it will be interesting to determine if BAG-1 can 

modulate their function differentially under some conditions, or at certain atypical 

oestrogen response elements such as at API sites where the responses of these two 

receptors to oestrogens differ. Further studies are also underway to determine the 

relationship between BAG-1 and ERp expression in cohorts of breast cancer patients. 

It is hoped that these studies will increase the understanding of the relationship 

between BAG-1 expression and the differing nuclear hormone receptors in breast 

cancer. 

There are notable differences in the effects of BAG-1 isoforms on the various 

nuclear hormone receptors. In some cases such as with the AR and as shown here 

with ERa and ERp BAG-1 potentiates receptor activity, whereas in others such as 

with the GR it inhibits activity. The spectrum of isoforms that regulate activity is also 

distinct for each receptor. BAG-IL, but not BAG-IS or BAG-IM interacts with and 

modulates AR and ERa and ERp signalling whilst both BAG-IL and BAG-IM 

inhibit GR signalling. In addition interaction with receptors is frequently dependent 

on the BAG-1 carboxy-terminus, suggesting it is mediated via the chaperones 

HSC70/HSP70, but this is not the case with the RAR where carboxy-terminal 

deletions of BAG-1 do not affect function (Liu et al. 1998). Interestingly BAG-IL 

function in the ER transcription assays reported here did not appear as dependent on 

interaction with heat shock proteins, as evidenced by the experiments with the BAG-

IL point mutants that fail to bind HSC70/HSP70, as had been previously described 

for the AR or GR (Briknarova et al. 2001; Schmidt et al. 2003). 

For receptors other than the RAR and TR the ability of BAG-1 to bind to 

HSC70/HSP70 is not sufficient for regulating receptor function and the acidic repeats 
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or residues at the extreme amino-terminus of BAG-IM may also be required. A 

carboxy-terminal truncation of BAG-IL that removes the HSP70 binding site acts as 

a trans-dominant repressor of AR function suggesting that the unique amino-terminus 

has important interactions with the AR transcriptional complexes unrelated to HSP70 

(Froesch et al. 1998). Moreover, since all BAG-1 proteins bind the chaperones this 

can not explain why only the larger isoforms are active in most cases. Indeed the 

nuclear localisation of BAG-1 L is also not sufficient to account for its activity and 

relocalisation of BAG-IS with a heterologous fused NLS did not potentiate ERa 

dependent transcription in studies described here. Such results were also reported 

with the AR where fusion of an NLS to BAG-IM but not BAG-1 S produced activity 

(Knee et al. 2001). 

A cluster of charged residues at the extreme amino-terminus of BAG-IM is 

required for binding to DNA and their deletion prevents in-vitro receptor independent 

transcriptional activity (Zeiner et al. 1999). Substitution of these residues with alanine 

also abrogates BAG-IM mediated attenation of GR activity in cells (Schmidt et al. 

2003). Some of these residues however form part of the BAG-IL SV-40 large T-like 

NLS, and the effects of these mutations on BAG-1 cellular localisation (BAG-IL) 

and relocalisation with ligand associated receptor (BAG-IM and the glucocorticoid 

receptor) has not been studied. It will for example be important however to 

determine if these mutations are associated with changes in DNA binding ability 

secondary to changes in cellular localisation. It will also be important to determine if 

such mutations in the context of BAG-IL affect the ability of this protein to modulate 

ERa transcriptional activity. 

As a result of these differences and findings it has been proposed that there are 

two potential mechanisms of action that account for the effects of BAG-1 proteins on 

NHR (Cato & Mink 2001; Cheung & Smith 2000). BAG-1 appears to be able to act 

both pre- and post-hormone binding. For example GR complex assembly and affinity 

for hormone is influenced by BAG-1 (Kanelakis et al. 1999; Kanelakis et al. 2000), 

and BAG-1 also inhibits binding of the GR to DNA (Schneikert et al. 1999). Possibly 

BAG-1 may act both to influence receptor refolding by chaperones, and additionally 

act to serve as a scaffold to recruit chaperones or transcriptional coactivators or 
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corepressors to NHR complexes. BAG-1 can therefore appears to modulate hormone 

receptor function through regulation of chaperone refolding function, and possibly 

through affecting the stability of hormone receptor DNA complexes. It is therefore 

conceivable that the potentiation of ERa signalling compared to AR signalling by 

BAG-IL is more dependent on stabilisation of receptor/cofactor interactions with 

DNA than on receptor refolding. In this respect the effect of BAG-1 L on ERa may 

be more similar to its effect on the RAR than its effect on the AR. This would provide 

a possible functional explanation for the lesser effects observed of BAG-1 L point 

mutations that prevent chaperone binding on BAG-IL mediated potentiation of ERa 

transcription. Key to this is the question of whether hormone receptor binding to 

BAG-1 is always through the chaperones. There have been no reports in the literature 

as to the effects of these point mutations that prevent chaperone binding on the 

binding of the receptors on BAG-1, although there are now two reports describing the 

effects on transcriptional activity. With ERa no clear-cut answer as to whether these 

mutations completely prevent binding has been obtained, and it is possible that the 

interaction is stabilised by, rather than mediated through the chaperones. 

6.3 BAG-1 and cell survival 

BAG-1 appears to suppress apoptosis induced by a broad range of agents in 

different cell types upstream of caspase activation (Schulz et al. 1997; Takaoka et al. 

1997), but few studies have determined the domains and important residues required 

for suppression of apoptosis. Both the amino- and carboxy-terminus of BAG-IS 

appear to be required (Bardelli et al. 1996; Yang et al. 2000), and BAG-IM and 

BAG-IL also possess anti-apoptotic activity but the poorly expressed p29 isoform 

does not (Chen et al. 2002b). Overexpression of BAG-1 for example suppresses 

apoptosis induced by chemotherapeutic agents, radiation and growth factor 

withdrawal (Table 1.2). Therefore, in addition to contributing to reduced cell death in 

cancer development, BAG-1 may also contribute to resistance to important 

therapeutic modalities. Suppression of apoptosis may also be responsible for the 
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ability of BAG-1 to promote metastatic spread (Takaoka et al. 1997; Yawata et al. 

1998). 

BAG-1 proteins interact with and modulate the activity of the 70 kDa heat 

shock proteins, HSC70 and HSP70, via helices two and three of the carboxy-terminal 

BAG domain. The pro-survival effects of BAG-1 are often ascribed to this interaction 

since HSP70 and HSC70 play important roles in regulating cell survival (Hohfeld 

1998; Jolly & Morimoto 2000). In addition deletion of the BAG-1 carboxy-terminus 

abrogates its pro-survival activity, as well as many other BAG-1 functions (Bardelli 

et al. 1996; Froesch et al. 1998; Kudoh et al. 2002; Yang et al. 2000). Consistent with 

this it has been demonstrated that BAG-1 and HSC70/HSP70 interactions are 

maintained in BAG-IS MCF-7 clones following heat shock. These clones survive and 

maintain long term clonogenic potential. In contrast untransfected MCF-7 cells and 

control pcDNA transfected MCF-7 clones do not maintain the BAG-1 :HSC70/HSP70 

interaction following heat shock and do not survive (Chapter 5). 

Refolding of denatured proteins through modulation of HSC70/HSP70 

refolding activity alone is unlikely however to explain the pro-survival effects of 

BAG-1, in particular since BAG-1 generally inhibits chaperone-dependent protein 

refolding. Also the BAG-1 carboxy-terminus is generally sufficient for inhibiting 

refolding but amino-terminal regions of BAG-1 are required for the pro-survival 

activity. It is therefore possible that BAG-1 is involved in the regulation of specific 

target molecules either through heat shock proteins or possibly acting as a molecular 

"bridge" recruiting chaperones to target proteins. 

The BAG-1 carboxy-terminus is required for interaction and activation of Raf-

1 (Wang et al. 1996), and this provides an alternative mechanism by which BAG-1 

might promote cell survival (Morrison & Cutler 1997). Since both Raf-1 and the 

70KDa heat shock proteins interact with the BAG domain of BAG-1 simple deletion 

of this domain will not distinguish between these possibilities and so the relative 

importance of these two pathways is unclear. In addition HSP70 and Raf-1 compete 

for binding to the BAG domain of BAG-1 and high levels of HSP70 prevent 

activation of Raf-1 by BAG-1. It has therefore been suggested that the pro-survival 

effects of BAG-1 maybe mediated by activation of Raf-1 dependent MAP kinase 
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pathways, and that these are negatively regulated by chaperone binding (Song et al. 

2001). Therefore the suggestion has been made that BAG-1 isoforms may act as a 

"molecular switch" in signalling pathways, and direct cells towards different states 

depending on whether environmental conditions are hospitable or stressful (Song et 

al. 2001; Takayama & Reed 2001). Although these hypotheses are compelling and 

elegant little evidence has been found from work described in chapter 5 that these 

pathways play a major role in BAG-1 mediated survival from heat shock in MCF-7 

cells. Extensive analysis of MAP kinase pathways by western blotting before and 

after heat shock in pcDNA control and BAG-IS MCF-7 clones failed to demonstrate 

any consistent differences between the BAG-IS clones that survived the heat shock 

and the pcDNA clones that did not. hi addition no interaction was observed by co-

immunoprecipitation between BAG-1 and Raf-1 in MCF-7 cells. 

Since deletion of the BAG-1 amino-terminus prevents rescue from apoptosis, 

protein regions in addition to the BAG domain that binds HSC70/HSP70 are required 

for biological effects. BAG-1 possibly acts as a scaffold molecule, to functionally link 

chaperone function with specific target molecules (Hohfeld et al. 2001; Takayama & 

Reed 2001). For example, BAG-1 may protect cells from the apoptotic effects of cell 

stress induced by radiation or heat shock by enhancing the delivery of chaperone-

bound denatured proteins to the proteasomal degradation system. The BAG-1 amino-

terminus contains a ULD, similar to ubiquitin and the ULD found in other proteins 

such as Rad23, involved in DNA repair (Takayama et al. 1995). Like Rad 23, BAG-1 

interacts with the proteasome via its amino-terminus and has been suggested that 

BAG-1 acts as bridge linking chaperone molecules with the proteasome (Demand et 

al. 2001; Luders 2000a). HSC70/HSP70 plays an important role in refolding cellular 

proteins following cellular stress and models have been proposed whereby BAG-1 

acts to direct HSC70/HSP70 bound to a whole range of denatured proteins, that can 

not be refolded, to the proteasome for degradation. Alternatively BAG-1 may act in a 

specific manner in conjunction with HSC70/HSP70 to target specific substrates that 

might be important for regulation of cellular growth, division or survival for 

degradation and hence play a part in the control of the levels of certain key regulatory 

proteins. 
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Although BAG-1 amino-terminal deletions inactivate BAG-1 's survival 

functions (Bardelli et al. 1996; Yang et al. 2000a) specific residues within the ULD 

important for survival had not been previously determined. It is now clear however 

that a conserved lysine (K80 within BAG-IS) within the ubiquitin like domain of 

BAG-IS is necessary for BAG-1 mediated survival from heat shock (Townsend et al. 

2003a), and it has been demonstrated here that this is a site of BAG-1 ubiquitylation. 

The exact role of this, and how this may be involved with targeting substrates to the 

proteosome however is unclear. BAG-1 interacts with two E3 ligases, Siah and CHIP, 

and it is possible that BAG-1 acts as a cofactor or intermediate in the ubiquitylation 

of certain substrates, in addition to linking such complexes to the proteasome. 

Alternatively the atypical poly-ubiquitin chain formed on BAG-1 through this lysine 

may serve as a cellular signal to target and bind the complexes to the proteasome. 

The transcriptional activity of BAG-1 is likely to be of importance in the 

ability of BAG-1 to protect cells from apoptosis. In addition to effects on NHR, 

where in general BAG-1 inhibits those receptors that are growth inhibitory and 

stimulates those that are growth and survival promoting, BAG-1 can inhibit apoptosis 

associated with p53 stabilisation. It is possible that the observations described here 

that BAG-1 can inhibit the transcriptional activity of p53 provide an explanation for 

this. Mechanistically the function of p53 is highly confirmation dependent and it is 

possible that BAG-1 regulates chaperone mediated folding of p53 and thus regulates 

p53 transcriptional function in this way. Micro array analysis described in chapter 5 

has identified various novel potential targets of BAG-1 action. Reassuringly many of 

these candidate proteins are involved in processes that BAG-1 is known to play a 

role. BAG-1 therefore potentially affects the transcription of various candidate 

proteins involved in responses to cellular stress, cellular signalling, the ubiquitin 

activating enzyme El , and various ribosomal proteins. 

Although work in this thesis has focused on overexpression recent antisense 

and dominant negative experiments have demonstrated that endogenous BAG-1 plays 

an important role in maintaining cancer cell survival (Kudoh et al. 2002; Sawitzki et 

al. 2002a; Townsend et al. 2003a). Small molecules targeting other components of the 

chaperone machinery, such as geldanamycin derivatives, are producing encouraging 
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results in early clinical trials (Workman & Maloney 2002). Criteria have been 

suggested to select biological targets for rational therapies (Alberti et al. 2002), and 

BAG-1 fulfils many of these. In addition as BAG-1 is multifunctional it is possible 

that blocking BAG-1 function may affect multiple pathways important for the 

development and progression of cancer. As many of the functions of BAG-1 appear 

to be dependent on the BAG-1 HSC70/HSP70 interaction it is felt that targeting this 

interaction with competitor peptides may lead to novel therapeutic approaches, and 

may prove to be an important experimental tool. Such approaches have been used 

successfully to block the mdm-2:p53 interaction to activate p53 (Bottger et al. 1997), 

to mimic p21 and thus inhibit cyclin Dl:Cdk4 complexes and induce cell cycle arrest 

(Ball et al. 1997), and to block complexes formed with the eIF4E translation initiation 

factor leading to apoptosis (Herbert et al. 2000). In preliminary pilot experiments a 

peptide of 21 amino acids was designed with sequence homology with part of helix 3 

of the BAG domain (Figure 6.1 A). This peptide successfully inhibited the BAG-

1;HSC70 interaction in GST pulldown assays (Figure 6. IB) suggesting that at least in 

principle it is possible to block these interactions using relatively small peptides. 

Further work is now in progress characterising and optimising various peptides for 

the ability to inhibit the BAG-1;HSC70 interaction. Such approaches are however 

dependent on the importance of such interactions and processes in tumour 

development and survival. It remains possible, despite evidence to the contrary that 

the altered expression of BAG-1 in cancer is a consequence of malignant conversion, 

rather than a causal or contributory factor. The results of gene ablation and transgene 

experiments in mice will help elucidate the normal function of BAG-1 and to 

determine whether it plays a causal role in cancer. Ultimately the success of any agent 

will also depend not only on the importance of these interactions for tumour cells, but 

also on the importance of these interactions for normal processes and therefore the 

resultant toxicity and therapeutic ratios will prove crucial. In any case such 

approaches should prove to be important tools in the elucidation of BAG-1 function, 

even if the ultimate goal of successful anti-cancer therapy is not realised. 
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Figure 6.1: The effect of competitor peptides on the BAG-1 HSC70 interaction 

Synthetic peptides with sequences corresponding to part of helix 3 of the BAG-1 

BAG domain (A; red, and BAG-1 peptide in B) and a control peptide with sequences 

corresponding to part of the BCL-2 protein (control peptide in B) were used in GST 

pulldown assays (B). GST pulldown assays were performed in the absence of peptide 

to demonstrate HSC70 expression in the input rabbit reticulocyte lysate (Input) and 

following pulldown with GST-BAG-IS (GST-BAG-1) or control pulldown with GST 

(GST) alone. BAG-1 or control peptide (10 |iM, 1 |iM and lOOnM), was also 

incubated with lysates prior to GST pulldowns with GST-BAG-IS. Following GST 

pulldown bound complexes were washed, separated by SDS-PAGE, transferred onto 

nitrocellulose membrane and analysed by immunoblotting for HSC70 (B6) and BAG-

1 (191-TB2). 
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6.4 Final Conclusions 

It has been demonstrated that BAG-1 is associated with chnical outcome and 

hormone receptor transcription in breast cancer and this is consistent with what is 

observed in many other types of cancer. Other than cancer BAG-1 is important in 

many normal and pathological processes. BAG-1 appears to play a role in retinoid 

signalling in limb development and possibly in villous development (Vachon et al. 

2001). BAG-1 expression may be inhibited by Coxsackie B viruses to cause 

myocardidtis or dilated cardiomyopathy (Peng et al. 2001), and may be induced by 

herpes simplex virus to inhibit viral induced hippocampal apoptosis (Perkins, Pereira, 

& Aurelian 2003). Importantly BAG-1 also appears to affect the sensitivity of 

cardiac, brain, liver and kidney tissues to ischemia/reperfusion injury (Hayashi et al. 

2000; Sawitzki et al. 2002b; Townsend et al. 2003b). Given the huge medical 

importance of cerebrovascular and coronary artery disease BAG-1 is likely to prove 

to be the subject of much further fruitful research. 

BAG-1 however is but one member of a whole family of conserved proteins 

present throughout evolution. These proteins are all likely to have functions in health 

and disease and for example BAG-3 is overexpressed in pancreatic cancer (Liao et al. 

2001), but it remains to be discovered how these differing proteins interact and 

function with each other. Work described here and elsewhere demonstrates that BAG-

1 and probably this whole family of proteins appears to function by linking chaperone 

proteins to other effector proteins. These proteins thus play a pivotal role linking 

together protein production, refolding and repair with other fundamental processes 

such as degradation cell death and cell survival. 
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